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ABSTRACT 

A s t u d y  i s  made t o  show that  a S a t e l l i t e  A i r  T r a f f i c  
System can be developed from e x i s t i n g  t e c h n o l o g i e s .  

These t e c h n o l o g i e s  have been developed  b y  NASA f o r  Apollo and 
o t h e r  space  programs.  The s tudy  system i s  a pa r t  of  a world- 
wide s y s t e m  which i s  capab le  of s u r v e i l l a n c e  o f  a i r c r a f t  o v e r  
l a n d  and sea e q u a l l y  wel l .  Voice communications between ground 
and a l l  a i r c r a f t  under  c o n t r o l  of  a s e c t o r  i s  f u r n i s h e d  under  
s u p e r v i s i o n  o f  t h e  ground s t a t i o n .  

a 

A p a r t i a l  e r r o r  a n a l y s i s  i s  made which shows a c c u r a c i e s  
s u f f i c i e n t  f o r  a l l  pu rposes  i n c l u d i n g  s e a r c h  and r e s c u e  which 
imposes the most s t r i n g e n t  accuracy  r e q u i r e m e n t s .  

Each c o n t r o l  s e c t o r  u s e s  a c l u s t e r  o f  f o u r  24-hour 
s a t e l l i t e s  so  d i sposed  t h a t  n o t  a l l  f o u r  are  c o p l a n a r  a t  any t i m e  
and t h a t  t h e r e  a lways e x i s t s  t h r e e  o f  t he  f o u r  n o t  c o p l a n a r  w i t h  
any o f  t h e  a i r c r a f t  under  c o n t r o l .  These c o n d i t i o n s  a l l o w  the  
a i r c r a f t  p o s i t i o n  t o  be computed from the  r e s p e c t i v e  r anges  from 
the  a i r c r a f t  t o  t h e  th ree  s a t e l l i t e s .  

Measurements on p o s i t i o n s  o f  s e v e r a l  a i r c r a f t  a t  one 
t i m e  are n e c e s s a r y  t o  handle  the  l a r g e  t r a f f i c  l o a d  e x p e c t e d  i n  
t h e  c o n t r o l  s e c t o r  w i t h i n  t h e  n e x t  decade.  One example o f  a way 
t o  accomplish t h i s  i s  g i v e n .  

The system d e s c r i b e d  s o l v e s  one of t h e  ma jo r  a i r  t raf-  
f i c  problems of t h e  p r e s e n t  and  the  n e a r  f u t u r e ,  tha t  o f  e n  r o u t e  
c o n t r o l .  A s e r i o u s  need f o r  an  all-weather l a n d i n g  system w i t h  a 
l a n d i n g  ra te  e q u a l  t o  t h e  h i g h e s t  c l e a r  weather ra te  i s  p o s s i b l e  
and bad ly  needed, b u t  i s  no t  d i s c u s s e d  i n  t h i s  memorandum. 

The proposed  system can c o n t r o l  a l l  commercial t r a f f i c  
e x p e c t e d  i n  t h e  n e x t  two decades.  However, t h e  immense volume o f  
g e n e r a l  a v i a t i o n  o v e r  U . S . A .  would o v e r l o a d  i t  i n  t h e  p r e s e n t l y  
d e s c r i b e d  form. 

A very  s h o r t  economic s t u d y  u s i n g  NASA development ‘and 
l aunch  c o s t s  shows t h e  c o s t s  of a s y s t e m  w i t h  much h i g h e r  capa- 
b i l i t i e s  t h a n  t h o s e  of  t h e  p r e s e n t  system, t o  be comparable w i t h  
the  c o s t s  of t h e  p r e s e n t  system. The s a t e l l i t e  c o s t s  are de- 
c r e a s i n g  r a p i d l y  w h i l e  t h e  p r e s e n t  s y s t e m  c o s t s  are r f s i n g  and 
the  sys tem i s  i n  dange r  of b reak ing  down w i t h  i n c r e a s i n g  t r a f f i c  
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A satellite system is t h e  only known means for solving 
t h e  surveillance and communications problems for aircraft flying 
over  ocean routes. 
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MEMORANDUM FOR FILE 

’ INTRODUCTION 

It i s  r e c o g n i z e d  t h a t  a i r  t r a f f i c  o v e r  U . S . A .  i s  o u t -  * growing t h e  c a p a b i l i t i e s  o f  t h e  c o n t r o l  sys t em.  I n  s p i t e  o f  
many s t u d i e s  made on t h e  s u b j e c t  t he re  i s  no consensus  as t o  
what s h o u l d  b e  done a b o u t  t h e  p r o b l e m  which h a s  s e v e r a l  impor t ap t  
a s p e c t s :  

(1) 

( 2 )  

Conges t ion  o v e r  l and  r o u t e s ,  e s p e c i a l l y  n e a r  a i r p o r t s  

No a l l -weather  l a n d i n g  s y s t e m  a v a i l a b l e  

’1 

( 3 )  No a d e q u a t e  communications or s u r v e i l l a n c e  o v e r  oceans  
i s  a v a i l a b l e  .L 
Many s t u d i e s  have ‘been made s i n c e  The  a d v e n t .  o f  communi- 

c a t i o n s  s a t e l l i t e s ,  and i t  i s  g e n e r a l l y  agreed t h a t  t h e  world- 
wide A i r  T ra f f i c  C o n t r o l  System o f ’ t h e  f u t u r e  w i l l  b e  a s a t e l l i t e  
s y s t e m .  
FAA i s  b e i n g  d e v o t e d  t o  upda t ing  t h e  p r e s e n t  s y s t e m ,  which may 
have t o  b e  d i sca rded  b e f o r e  i t  i s  f i n i s h e d .  

A t  t h e  same t i m e ,  a lmost  a l l  t h e  development e f f o r t  o f  

It i s  a pu rpose  o f  t h i s  memorandum t o  show by examples  
t h a t  no new t e c h n o l o g y  b reak th roughs  a re  needed t o  implement a 
s a t e l l i t e  a i r  t r a f f i c  c o n t r o l  s y s t e m  and o n l y  s t r a i g h t f o r w a r d  
development problems remain t o  b e  s o l v e d .  R a t h e r  t h a n  an a t t e m p t  
t o  d e v i s e  and d e s c r i b e  a n o v e l  sys t em,  t h e  p r e s e n t  memorandum 
s t a y s  as c l o s e  t o  e x i s t i n g  technology as p o s s i b l e  i n  o r d e r  t o  em- 
p h a s i z e  t h i s  p o i n t .  
s u r v e i l l a n c e  s y s t e m  i s  now. 

a . The t i m e  t o  s t a r t  a new development on t h e  

The s y s t e m  e n v i s i o n e d  here  u s e s  a c l u s t e r  o f  24-hour 
s a t e l l i t e s  t o  r e l a y  rang’ing s i g n a l s  t o  a i r c r a f t  and t h e  t r a n s -  
ponded s i g n a l s  from t h e  a i r c r a f t  back t o  a c o n t r o l  s t a t i o n  on 
Ea r th ,  A l l  measurements are made on t h e  ground.  The same 
s a t e l l i t e s  s e r v e  a l s o .  as communication r e l a y  s a t e l l i t e s  between 
a i r c r a f t  and ground s t a t i o n s  and between t h e  ground s t a t i o n s .  
Much of  t h e  d i s c u s s i o n  r e l a t e s  t o  methods o f  c o p i n g  w i t h  t h e  
large t r a f f i c  l o a d s  which r e s u l t  f rom a combina t ion  of l a r g e  
c o n t r o l  s e c t o r s  and l a r g e  i n c r e a s e s  i n  a i r - t r a f f i c  e x p e c t e d  
w i t h i n  t h e  n e x t  decade .  

e 
“ 1  
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A s t u d y  s y s t e m  i s  d e f i n e d ,  i t s  component d u t i e s  are 
a s s i g n e d  i n  a r e a s o n a b l e  manner, r e q u i r e m e n t s  d e r i v e d  and  means 
descr ibed  f o r  m e e t i n g  a l l  t h e  s t u d y  s y s t e m  r e q u i r e m e n t s .  

Some e x p l a n a t o r y  material has been  c o l l e c t e d  i n t o  
Appendices A and B a t tached .  These a p p e n d i c e s  s h o u l d  be s c a n n e d  
b e f o r e  r e a d i n g  t h e  body o f  t he  memorandum. 

STUDY SYSTEM FUNCTIONS 

. The f o l l o w i n g  f u n c t i o n s  are assumed f o r  system com- 
p o n e n t s  f o r  pu rposes  o f  t h i s  s t u d y .  

(1) Aircraf t  

O p e r a t i o n  and n a v i g a t i o n  o f  t h e  a i r c r a f t  w i l l  be per -  
formed by t h e  crew, u s i n g  on-board equipments  i n  acco rdance  w i t h  
a p r e a r r a n g e d  and approved  f l i g h t  p l a n .  Any changes i n  f l i g h t  
p l a n  des i r ed  by  t h e  c a p t a i n  w e r e q u e s t e d  and approved by ground 
c o n t r o l .  
f o r  f l i g h t  p l a n  changes  will be communicated t o  t h e  a i r c r a f t  by 
ground c o n t r o l .  

Any i n f o r m a t i o n  developed on t h e  ground i n d i c a t i n g  need  

Ground S t a t i o n  

( a )  R e g u l a r  F u n c t i o n s  

. Accept t r a f f i c  f rom a i r p o r t s  o r  o t h e r  c o n t r o l  
s e c t o r s ,  m a i n t a i n  h igh  p r e c i s i o n  e n  r o u t e  
s u r v e i l l a n c e  and hand-over t r a f f i c  t o  t e r m i n a l  
a i r p o r t s  o r  o t h e r  c o n t r o l  s e c t o r s .  

. M a i n t a i n  r e l i a b l e  a i r - g r o u n d ,  fou r -wi re  v o i c e  
communications w i t h  a l l  a i r c r a f t  i n  s e c t o r  on 
a swi t ched  c h a n n e l  bas i s  w i t h  s w i t c h i n g  u n d e r  
ground s u p e r v i s i o n ,  p l u s  a n  open c h a n n e l  f o r  
emergency u s e  and f o r  a i r c r a f t  r e q u e s t i n g  a s s i g n -  
ment o f  swi t ched  c h a n n e l s .  

. Acqui re  on t h e  ground,  data on a i r c r a f t  p o s i -  
t i o n s ,  i n c l u d i n g  a l t i t u d e ,  a t  i n t e r v a l s  depend- 
i n g  on r e s p e c t i v e  a i r c r a f t  s i t u a t i o n s ,  w i t h o u t  I 

r e q u i r i n g  a c t i v e  p a r t i c i p a t i o n  o f  t h e  crew o r  
u s e  of  measurements made by on-board i n s t r u m e n t s .  

M a i n t a i n  permanent r e c o r d s  o f  p o s i t i o n s  o f  a l l  
a i r c r a f t  i n  s e c t o r  as f u n c t i o n s  of  t i m e ,  up- 
da ted  a t  i n t e r v a l s  s u i t a b l e  t o  t h e  r e s p e c t i v e  
a i r c r a f t  s i t u a t i o n s ,  w i t h  r e s p e c t  t o  t h e  termi- 
n a l  a i r p o r t s ,  o t h e r  a i r c r a f t  o r  u n f a v o r a b l e  
weather. 
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. P r o c e s s  p o s i t i o n  d a t a ,  p r e d i c t  o c c u r r e n c e s  
o f  dangerous s i t u a t i o n s .  Exercise  c o n t r o l  
of a i r c r a f t  on ly  t o  a v o i d  dangerous  i n t e r -  
f e r e n c e  s i t u a t i o n s .  

M a i n t a i n  up-to-the-minute w e a t h e r  maps o f  
t h e  s e c t o r  and  l i s t s  o f  dangerous  areas, 
a d v i s e  p i l o t s  o f  d e v e l o p i n g  dange r ,  and 
a u t h o r i z e  changes  i n  f l i g h t  p l a n s  t o  mini-  
mize danger  f rom w e a t h e r  c o n d i t i o n s .  

F u r n i s h  f i x e s  t o  a i r c r a f t  on r e q u e s t .  

(b) Emergency F u n c t i o n s  

. F u r n i s h  backup n a v i g a t i o n a l  means t o  a i r -  
c r a f t  when on-board means become u n r e l i a b l e  
o r  i n o p e r a t i v e .  

. F u r n i s h  guidance ( v e c t o r i n g )  t o  S e a r c h  and 
Rescue c r a f t  and c r a f t  i n  t r o u b l e ,  t o  fa- 
c i l i t a t e  r e s c u e  o p e r a t i o n s .  

. Recons t ruc t  f rom permanent r e c o r d s  k e p t  a t  
ground s t a t i o n s ,  c o u r s e  and speed o f  l o s t  
a i r c r a f t .  Give c i r c l e s  o f  p o s s i b l e  p o s i t i o n s  
of  d i t c h e d  c r a f t  t o  S A R  c r a f t .  

BROAD SYSTEM CONCEPT 

The c l u s t e r  of  s a t e l l i t e s  p r o v i d e d  t o  a c h i e v e  t h e  
r a n g e  measurements a l s o  p r o v i d e  communications between t h e  
ground and t h e  a i r c r a f t  under  c o n t r o l .  The communication 
f u n c t i o n  i s  w i d e l y  unde r s tood  and w i l l  n o t  b e  d i s c u s s e d  i n  
d e t a i l  he re .  

Three s a t e l l i t e s  d e t e r m i n e  a p l a n e  i n  t h r e e - s p a c e .  
If a n  a i r c r a f t  i s  n o t  i n  or n e a r  t h i s  s a t e l l i t e - s y s t e m  p l a n e ,  
t h e  t h r e e  d i s t a n c e s  be tween t h e  a i r c r a f t  and t h e  r e s p e c t i v e  
s a t e l l i t e s  a re  s u f f i c i e n t  t o  l o c a t e  t h e  a i r c r a f t  p o s i t i o n  i n  
t h r e e - s p a c e  w i t h o u t  u s i n g  any data  t a k e n  on-board t h e  a i r c r a f t .  
It would b e  conven ien t  i f  t h e  s a t e l l i t e s  c o u l d  be g e o s t a t i o n a r y .  
IIowever, t h i s  e x c l u d e s  a band around t h e  e a r t h  n e a r  t h e  equa- 
t o r i a l  p l a n e  from cove rage  by t h e  s u r v e i l l a n c e  s y s t e m .  

A l l  24-hour s a t e l l i t e s  i n  i n c l i n e d  o r b i t s  p a s s  
t h r o u g h  t h e  e q u a t o r i a l  p l a n e  t w i c e  each 24 h o u r s .  Hence a 
24-hour s a t e l l i t e  s y s t e m  w h i c h  i s  t o  be used  c o n t i n u o u s l y  
must have a t  l e a s t  f o u r  s a t e l l i t e s  and two o f  them can  n o t  
b e  g e o s t a t i o n a r y .  Two a l t e r n a t i v e  c o n f i g u r a t i o n s  among many which 
a re  u s a b l e  are r e p r e s e n t e d  by F i g u r e s  l ( a )  and l ( b ) .  The con- 
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f i g u r a t i o n  o f  F i g u r e  l ( a )  c o n s i s t s  o f  two g e o s t a t i o n a r y  
s a t e l l i t e s  s e p a r a t e d  by 40° l o n g i t u d e  and two 24-hour 
s a t e l l i t e s  whose nominal ground t r a c e s  a r e  i n  t h e  form of 
a f i g u r e  8 ,  c r o s s i n g  t h e  e q u a t o r  midway between the  geo- 
s t a t i o n a r y  s a t e l l i t e s ,  and s i x  h o u r s  a p a r t  i n  t h e  f i g u r e  8.  

F i g u r e  l ( b )  shows a c o n f i g u r a t i o n  c o n s i s t i n g  of one 
g e o s t a t i o n a r y  s a t e l l i t e  and t h r e e  i n  i n c l i n e d  o r b i t s  w i t h  a 
f i g u r e  8 ground t r a c e  which c r o s s e s  t h e  e q u a t o r  20° i n  l o n g i -  
t u d e  from t h e  g e o s t a t i o n a r y  s a t e l l i t e .  The th ree  s a t e l l i t e s  
have  t h e  same nominal  ground t r a c e  and are  s e p a r a t e d  from each  
o t h e r  by 8 h o u r s  i n  t h i s  t r a c e .  

I n  a wor ld  wide ATC s y s t e m  a t  l e a s t  f o u r  c l u s t e r s  
w i l l  b e  r e q u i r e d  i n  o r d e r  t o  p r o v i d e  enough o v e r l a p  between 
a d j a c e n t  c o n t r o l  s e c t o r s  t o  f a c i l i t a t e  t h e  hand-of f  o f  
t r a f f i c  from one c o n t r o l  t o  a n o t h e r .  F i g u r e s  l ( a )  and l ( b )  
show c l u s t e r s  l o c a t e d  t o  p r o v i d e  one c o n t r o l  s e c t o r  o v e r  
U . S . A .  and an  a d j a c e n t  s e c t o r  o v e r  t h e  A t l a n t i c  Ocean. The 
a c t u a l  l o n g i t u d i n a l  p l a c i n g  may b e  done i n  a manner d i f f e r e n t  
f rom t h e  F i g u r e s  t o  meet d e s i r e d  c o n t r o l  r e q u i r e m e n t s .  The 
s a t e l l i t e  s e p a r a t i o n s  w i t h i n  a c l u s t e r  i s  a n o t h e r  d e s i g n  
p a r a m e t e r  t h a t  may be changed from t h o s e  i n  t h e  example t o  
a c h i e v e  d e s i r a b l e  o b j e c t i v e s .  

COVERAGE OF EARTH'S SURFACE 

The a r c s  on F i g u r e s  l ( a )  and l ( b )  show t h e  con- 
t r o l  s e c t o r  b o u n d a r i e s  drawn rough ly  s o  t h a t  a l l  a i r c r a f t  
w i t h i n  t h e  s e c t o r  can be seen from a l l  f o u r  s a t e l l i t e s .  
U s e f u l  measurements can  be  made o u t s i d e  these  b o u n d a r i e s  
u s i n g  less  t h a n  f o u r  s a t e l l i t e s .  The re  a re  t h r e e  s e t s  of 
c o n d i t i o n s  unde r  which u s a b l e  measurements can  be  made. 

(1) A i r c r a f t  V i s i b l e  t o  Four S a t e l l i t e s  

T h i s  i s  t h e  normal c o n d i t i o n .  The a i r c r a f t  p o s i -  
t i o n  can b e  c a l c u l a t e d  by  s o l v i n g  t h r e e  s i m u l t a n e o u s  l i n e a r  
e q u a t i o n s  which i n v o l v e  t h e  f o u r  measured d i s t a n c e s  (See 
Appendix A ) .  

( 2 )  A i r c r a f t  V i s i b l e  t o  T h r e e  S a t e l l i t e s  

The a i r c r a f t  p o s i t i o n  can be de t e rmined  by  s o l v i n g  
t h r e e  n o n - l i n e a r  e q u a t i o n s  s i m u l t a n e o u s l y ,  p r o v i d e d  t h e  a i r -  
c r a f t  and t h e  t h r e e  s a t e l l i t e s  are n o t  c o p l a n a r .  There i s  an 
ambigu i ty  i n  t h e  s o l u t i o n  t ha t  i s  r e s o l v e d  i f  t h e  p o s i t i o n  o f  t h e  
a i r c r a f t  i s  known even t o  a v e r y  rough approx ima t ion .  
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( 3 )  Aircraf t  V i s i b l e  t o  Two S a t e l l i t e s  

T h i s  c o n d i t i o n  may o c c u r  f o r  a i r c r a f t  n e a r  t h e  
ea r th ' s  p o l e s  o r  i n  o t h e r  boundary c a s e s  where one s a t e l l i t e  . 
i s  i n o p e r a t i v e .  The a i r c r a f t  p o s i t i o n  may be  de t e rmined  if 
i t s  a l t i t u d e  i s  known o r  can be o b t a i n e d  from t h e  a i r c r a f t  
i n s t r u m e n t s .  S o l v i n g  t h r e e  n o n - l i n e a r  e q u a t i o n s  s i m u l t a n e o u s l y  
l o c a t e s  t h e  a i r c r a f t  p o s i t i o n  e x c e p t  f o r  an  ambigu i ty  t h a t  i s  
e a s i l y  r e s o l v e d .  

. The normal  mode i s  based on r e c e i p t  o f  r ange  sig- 
n a l s  v i a  f o u r  s a t e l l i t e s .  The c a l c u l a t i o n s  a re  made on t h e  
basis  o f  t h e  number a c t u a l l y  r e c e i v e d .  See Appendix A f o r  
f u r t h e r  d i s c u s s i o n  o f  c a l c u l a t i o n s  and a c c u r a c i e s  t h a t  may 
b e  a c h i e v e d .  

SURVEILLANCE SYSTEM 

The major  e lements  o f  t h e  p roposed  s y s t e m  are  
shown s c h e m a t i c a l l y  i n  F i g u r e s  3 ( a ) ,  3 ( b ) ,  and 3 ( c ) .  They 
are  : 

(1) The Ground S t a t i o n  c o n s i s t i n g  o f :  

( a )  Antenna systems 

( i )  One i n t e r r o g a t i n g  a n t e n n a  

(ii) Four h igh  g a i n  r e c e i v i n g  a n t e n n a s  

( b )  A m u l t i - s t a t i o n  r a n g i n g  s y s t e m  

( c ) D i g i t  a 1  computers 

( d )  S t o r a g e  and r e t r i e v a l  s y s t e m  

( e )  O p e r a t o r s  conso le s  and d i s p l a y  sys t ems  

( f )  Telephone channel  t e r m i n a l  and s w i t c h i n g  
equipment .  

( 2 )  A C l u s t e r  o f  Four 24-Hour P e r i o d  R e l a y  S a t e l l i t e s  
w i t h  o r b i t s  s u c h  t h a t  t h e  f o u r  are  n e v e r  c o p l a n a r  
and a t  any time t h r e e  can  be  chosen s o  t h a t  t h e i r  
common p l a n e  does n o t  p a s s  n e a r  t h e  e a r t h ' s  sur- 
face.  Each s a t e l l i t e  c o n t a i n s :  

( a )  A power s c u r c e  

( b )  A s t a b i l i z a t i o n  s y s t e m  
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( c )  An antenna system 

( d )  

(e) Switch and control gear 

A multiplicity of coherent transponders 

( 3 )  An Aircraft Fleet 

Each craft under control of the sector is equipped with: 

(a) A command receiver-decoder 

(b) 

(c) An antenna system 

A coherent range signal transponder 

(d) A power plant 

(e) Control switch gear 

(f) Telephone station and channel terminal 

( 4 )  A Calibration System 

This system consists of: 

(a) 

(b) 

Three earth locations accurately surveyed 
(one is assumed to be at the ground station) 

Two coherent transponders in well-surveyed 
locations 

(c) Transponders in the satellites 

( d )  Computing and ranging systems in ground station. 

ANCILLARY AND BASIC FUNCTIONS 8 
In the process of carrying out its major functions, 

the grobnd station must perform a number of ancillary func- 
tions, the most important being: 

(1) Measurement of Distances to Satellites 

Consider Figure 3(a). Lines are drawn on this figure 
to represent this function only. An interrogating range sequence 
is sent out to the four satellites. P+l in each 

Transponder t 

I 

satellite locks its phase-locked loop to the received signal and 
transponds at a low signal intensity using a frequency not used 
elsewhere in the system. A high-gain, narrow-beam antenna at 
the ground station is trained on each satellite. Each antenna 

I 
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r e c e i v e s  t h e  s i g n a l  t ransponded by t h a t  s a t e l l i t e .  A r a n g e  
a c q u i s i t i o n  u n i t  a c q u i r e s  and measures  t h e  p h a s e .  T h i s  g i v e s  
a round t r i p  t i m e  t o  e a c h  s a t e l l i t e  and t h e  d i s t a n c e  p i ;  
i = 1, 2 ,  3 ,  4 i s  computed i n  e a c h  c a s e .  

C a l i b r a t i o n  

F i g u r e  3 ( b )  i n d i c a t e s  by means o f  t h e  l i n e s  drawn, 
t h e  s i g n a l  p a t h s  o f  t h e  c a l i b r a t i o n  f u n c t i o n  f o r  one c a l i b r a -  
t i o n  t r a n s p o n d e r .  The PN sequence s e n t  o u t  c a p t u r e s  t h e  
phase - locked  l o o p s  o f  t r a n s p o n d e r s  T i n  each  s a t e l l i t e .  One o f  
t h e  t r a n s p o n d e r s  i s  chosen t o  t r a n s m i t  a l l  i n t e r r o g a t i n g  s i g n a l s  
w h i l e  t h e  o t h e r s  a re  t u r n e d  o f f .  The t r a n s m i s s i o n  i s  a t  a h igh  
s i g n a l  l e v e l  t o  i n t e r r o g a t e  a i r c r a f t  and c a l i b r a t i o n  s i t e s .  
The two ground based cohe ren t  t r a n s p o n d e r s  a t  t h e  c a l i b r a t i o n  
s i t e s  r e c e i v e  and t r a n s p o n d  t h e  s i g n a l .  The t r a n s p o n d e r s  t +2 

P 
and t + 3  i n  each  s a t e l l i t e  lock  t h e i r  phase- locked  l o o p s  
r e s p e c t i v e l y  t o  one o f  t h e  c a l i b r a t i n g  s i g n a l s  and t r a n s p o n d  
a t  low l e v e l  back  t o  t h e  ground s t a t i o n .  The s i g n a l s  m e  re- 
c e i v e d  by s e p a r a t e  a n t e n n a s ,  phases o f  t h e  r e t u r n e d  s i g n a l s  
a re  a c q u i r e d  by two s e t s  of f o u r  r a n g e  a c q u i s i t i o n  u n i t s  and t h e  
?N s i g n a l  p h a s e s  measured. By s u b t r a c t i o n s  o f  t h e  d i s t a n c e s  
between t h e  ground s t a t i o n  and each  s a t e l l i t e  t h e  d i s t a n c e s  
between each  s a t e l l i t e  and t h e  two c a l i b r a t i n g  s t a t i o n s  are  
de te rmined .  We have t h e r e f o r e  t h e  r e s p e c t i v e  d i s t a n c e s  between 
each  s a t e l l i t e  and t h r e e  known ea r th  l o c a t i o n s .  From t h i s  t h e  
s a t e l l i t e  p o s i t i o n s  may be c a l c u l a t e d .  After t r a c k i n g  each  
s a t e l l i t e  i n  t h i s  manner f o r  a p e r i o d  o f  t i m e ,  t h e  p o s i t i o n s  
can be p r e d i c t e d  f o r  any f u t u r e  time w i t h  a c c u r a c i e s  which are 
as good as t h e  knowledge o f  t h e  su rveyed  p o s i t i o n  l o c a t i o n s .  

P 

( 3 )  A i rc ra f t  L o c a t i o n  

The l o c a t i o n  o f  an a i r c r a f t  i s  t h e  b a s i c  f u n c t i o n .  
It  i s  n o t  d i f f e r e n t  from t h e  c a l i b r a t i o n  e x c e p t  f o r  t h e  f a c t  
t h a t  t h e  s a t e l l i t e  p o s i t i o n s  are  assumed known and t h e  a i r -  
c r a f t  p o s i t i o n s  a r e  c a l c u l a t e d  i n  t h e s e  c a s e s .  The h i g h  l e v e l  
s i g n a l s  t r a n s p o n d e d  t h r o u g h  T c a p t u r e  t h e  phase- locked  l o o p s  o f  
a l l  t r a n s p o n d e r s  i n  a i r c r a f t  unde r  c o n t r o l .  The normal  condi -  
t i o n  o f  a l l  a i r c r a f t  i s  " t r ansponder -o f f " .  The ground s t a t i o n  
addresses an  a i r c r a f t  o v e r  a command c h a n n e l ,  o r d e r s  i t  t o  t u r n  
t h e  t r a n s m i t t e r  on u s i n g  one o f  a s e t  o f  s p e c i f i e d  f r e q u e n c i e s .  
F i g u r e  3 ( c )  shows t h e  s i g n a l  p a t h s  i n v o l v e d  i n  l o c a t i n g  one 
a i r c ra f t .  The t r ansponded  s i g n a l  from t h e  a i r c r a f t  appears a t  
each s a t e l l i t e  w i t h  a small d o p p l e r  s h i f t  which i s  d i f f e r e n t  
a t  e a c h  s a t e l l i t e .  There  i s  a t r a n s p o n d e r  w i t h  i t s  o s c i l l a t o r  
s e a r c h i n g  a nar row f r equency  r ange  n e a r  each f r equency  used by 



b 
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an a i rc raf t  t r a n s p o n d e r .  Hence t h i s  s i g n a l  c a p v u r e s  t h e  
phase - locked  loop  of t h e  t r a n s p o n d e r  u s i n g  t h e  same f requency  
i n  e a c h  s a t e l l i t e .  The s a t e l l i t e  t r a n s m i t s  t h e  t r a n s p o n d e d  
s i g n a l  a t  low l e v e l  t o  t h e  ground s t a t i o n .  T h i s  s i g n a l  from 
each s a t e l l i t e  i s  r e c e i v e d  by t h e  h igh -ga in  a n t e n n a  t r a i n e d  
on t h a t  s a t e l l i t e .  
a n t e n n a s  are grouped by  f r equency ,  s e n t  t o  f o u r  r a n g e  a c q u i s i t i o n  
u n i t s ,  t h e  r e s p e c t i v e  phases  are a c q u i r e d  and measured.  The 
r e s p e c t i v e  d i s t a n c e s  from t h e  a i r c r a f t  t o  t h e  f o u r  s a t e l l i t e s  
a re  computed. The a i r c r a f t  p o s i t i o n  i s  t h e n  computed as d e s c r i b e d  
i n  Appendix A and r e c o r d e d .  

The s i g n a l s  r e t u r n e d  t o  t h e  f o u r  r e c e i v i n g  

GENERAL METHOD OF OPERATION 

I n  t h e  normal  method of  o p e r a t i o n ,  t h e  ground s t a t i o n  
s e n d s  o u t  two d i g i t a l  sequences  r e p e t i t i v e l y :  

(1) The PN r a n g i n g  s i g n a l  

( 2 )  A s t r i n g  of address-command words.  

These  sequences  are d e s c r i b e d  i n  Appendix B.  The  b i t  r a t e  
i n  t h e  PI1 s i g n a l  i s  n e a r l y  one b i t  p e r  micro-second.  T h a t  
of t h e  address-command s t r i n g  i s  o f  t h e  o r d e r  o f  2400  b i t s / s e c o n d .  
The r a n g i n g  c h a n n e l  band w i d t h s  are about  2mhz/channel. The 
bandwidth  o f  t h e  command channel  i s  abou t  3khz .  

The t r a n s p o n d e r  T i n  a l l  o f  t h e  s a t e l l i t e s  o f  
F i g u r e  3 ,  a re  phase  locked  t o  a r a d i o  f r equency  c a r r i e r  t h a t  i s  
phase  modulated by a PN sequence .  However, o n l y  one o f  t h e  
t r a n s p o n d e r s  i s  t u r n e d  on a t  any t ime.  The c h o i c e  i s  unde r  
c o n t r o l  o f  t h e  ground s t a t i o n .  

When an  a i r c r a f t  i s  p l a c e d  unde r  c o n t r o l  o f  a s e c t o r ,  
two e v e n t s  o c c u r :  

(1) The r a n g i n g  t r a n s p o n d e r  i s  phase- locked  t o  t h e  PN 
sequence .  

( 2 )  An address code s e l e c t e d  from t h e  s e t  d e s c r i b e d  i n  
Appendix B i s  a s s i g n e d  t o  t h e  a i r c r a f t .  T h i s  code 
i s  p l a c e d  i n  t h e  a d d r e s s  r e g i s t e r  on t h e  a i r c r a f t  
by t h e  crew and v e r i f i e d  by  t e s t s  made by t h e  ground 
s t a t i o n .  

A s u b s e t  o f  address-command words s e l e c t e d  from 
t h e  a s s i g n e d  s e t  i s  formed a t  t h e  ground s t a t i o n  u n d e r  
c o n t r o l  o f  a computer  program and s e n t  o u t  i n  a con- 
t i n u o u s  r e p e t i t i v e  sequence .  T h i s  sequence  i s  r e p l a c e d  
by a n o t h e r  as soon as a l l  of t h e  measurements on t h a t  
s e t  o f  a i r c r a f t  have  been completed.  T h i s  command sequence  
i s  r e l a y e d  b y  s a t e l l i t e  t o  a l l  a i r c r a f t  under  c o n t r o l  o f  t h e  
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s e c t o r .  The r e c e i v e d  sequence i s  fed i n t o  a 31 b i t  s h i f t  
r e g i s t e r  i n  e a c h  a i r c r a f t .  The c o n t e n t s  o f  t h e  address 
f i e l d  i n  t h e  s h i f t  r e g i s t e r  i s  compared w i t h  t h e  a i r c r a f t  
address code.  The command sequence has a s t a r t  s i g n a l  
which i n i t i a t e s  a match t e s t  between t h e  a i r c r a f t  code and 
t h e  code i n  t h e  s h i f t - r e g i s t e r  address f i e l d  when t h e  s t a r t  
s i g n a l  r e a c h e s  a p a r t i c u l a r  l o c a t i o n  i n  t he  s h i f t  r eg i s t e r .  
When a match o c c u r s ,  t h e  c o n t e n t s  o f  t h e  command f i e l d  are 
read o u t  i n t o  a command r e g i s t e r .  We assume f o r  t h i s  
d i s c u s s i o n  t h a t  t h e  command i s  t o  t u r n  on t h e  t r a n s m i t t e r  
a t  a s p e c i f i e d  f r e q u e n c y .  The  t r a n s m i t t e r  s w i t c h  w i l l  be  
t u r n e d  o f f  l a t e r  by a t i m e r .  The t i m e r  w i l l  be reset  t o  
z e r o  e v e r y  time t h e  a i r c r a f t  address i s  r e c e i v e d  no rma l ly  
b e f o r e  i t  t imes o u t .  When t h i s  address  i s  removed from t h e  
command s e q u e n c e ,  t h e  t i m e r  i s  a l lowed  t o  t i m e  o u t  and t h e  
t r a n s m i t t e r  s w i t c h  o p e n s ,  s t o p p i n g  t r a n s m i s s i o n  from t h e  
a i r c r a f t .  

Assume t h a t  t h e  number o f  f i x e s  t o  be  made a t  one 
time i s  p .  T h e r e  are p a i r c r a f t  t r a n s p o n d i n g  t h e  r a n g i n g  
s i g n a l  a t  abou t  t h e  same l e v e l  as t h e  s i g n a l s  s e n t  o u t  b y  
T ,  each a t  a d i f f e r e n t  f r equency .  T h e r e  a re  p t r a n s p o n d e r s  
i n  e a c h  s a t e l l i t e  each  hav ing  a f r e e  r u n n i n g  o s c i l l a t o r  
w i t h  a f r equency  n e a r  one o f  t h e  p f r e q u e n c i e s .  Each r u n n i n g  
o s c i l l a t o r  i s  b e i n g  swept  i n  f r equency  o v e r  a nar row band t h a t  
i s  wide enough t o  i n c l u d e  t h e  maximum d o p p l e r  s h i f t  which can 
o c c u r ,  b u t  n o t  wide enough t o  p e r m i t  i t s  phase- locked  loop  t o  
l o c k  on a n  a d j a c e n t  s i g n a l .  Thus ,  when t h e  s e t  o f  p a i r c r a f t  
b e g i n s  t o  t r a n s m i t ,  a t r a n s p o n d e r  i n  each  s a t e l l i t e  l o c k s  i t s  
phase - locked  l o o p ' t o  each f requency  t r a n s m i t t e d .  

These p t r a n s p o n d e r s  i n  a l l  s a t e l l i t e s  t r a n s m i t  a t  
a l e v e l  some 37 db below t h e  l e v e l  used  by t r a n s p o n d e r  T .  
The h igh -ga in  a n t e n n a s  a t  the  ground s t a t i o n  w i l l  r e c e i v e  
and a c t  on these  . s i g n a l s .  Each ground s t a t i o n  a n t e n n a  r e c e i v e s  
p f r e q u e n c i e s ,  t r a n s p o n d e d  by a i r c r a f t  i n  a d d i t i o n  t o  t h e  
o t h e r  f r e q u e n c i e s  p r e v i o u s l y  d e s c r i b e d .  These p f r e q u e n c i e s  
a re  s e l e c t e d  i n  s e t s  o f  f o u r ,  d i f f e r i n g  from each  o t h e r  on ly  
by d o p p l e r  s h i f t s ,  from t h e  f o u r  r e c e i v i n g  a n t e n n a s ,  f e d  t o  
r a n g e  a c q u i s i t i o n  u n i t s ,  t h e  p h a s e s  o f  t h e  f o u r  r e t u r n  s i g n a l s  
frorn e a c h  a i r c r a f t  measured , and c o n v e r t e d  t o  d i s t a n c e s .  

R A N G E  C A L C U L A T I O N S  

and p be  t h e  r e s p e c t i v e  d i s t a n c e s  4 L e t  P 1 ,  P 2 3  P 3  
between t h e  ground s t a t i o n  and t h e  f o u r  s a t e l l i t e s .  See 
F i g u r e s  3a and 3b.  

L e t  dl, d 2 ,  and d3 and d,, be  t h e  round t r i p  d i s t a n c e s  
t r a v e l e d  by t h e  PN s i g n a l s  r e t u r n i n g  from t h e  a i r c r a f t  v i a  t h e  
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four r e s p e c t i v e  s a t e l l i t e s .  

L e t  r r e p r e s e n t  t h e  d i s t a n c e s  from s a t e l l i t e  i t o  
i j  

a i r c r a f t  j .  See F i g u r e  3 c .  

Assume T i n  the  f i r s t  s a t e l l i t e  i s  used  t o  i n t e r r o g a t e  1 
t h e  f i r s t  a i r c r a f t  i n  t h e  s e t .  Then 

13  + '3 + rll + r - 
d3 - p1 

14 11, r 12J r13 and r t o  g i v e  These  e q u a t i o n s  may be  so lved  f o r  r 

Thus i t  i s  s e e n  t h a t  i f  one o f  t h e  r e t u r n e d  s i g n a l s  

The v a l u e s  
r e t u r n s  th rough  t h e  i n t e r r o g a t i n g  s a t e l l i t e ,  a l l  t h e  d e s i r e d  
q u a n t i t i e s  a re  o b t a i n e d  from s i m p l e  s u b t r a c t i o n s .  

a i r c r a f t  p o s i t i o n s  i n  s p a c e  are  t h e  r ' s  used  t o  compute b 'iJ 
as d e s c r i b e d  i n  Appendix A .  

S P E C I F I C  REQUIREMENTS--STUDY SYSTEP? 

( a )  T r a f f i c  Requirements  
\ 

For s t u d y  purposes  two c o n t r o l  s e c t o r s  a r e  d e f i n e d :  

( i )  

(ii) 

C o n t i n e n t a l  Americas and t h e  P a c i f i c  approaches  

The A t l a n t i c  Ocean, Western Europe and Western A f r i c a .  
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These areas are o u t l i n e d  r o u g h l y  i n  F i g u r e s  l ( a )  
and l ( b ) .  
g r a p h i c  o v e r l a p .  

i s  600 a i r c r a f t  unde r  s u r v e i l l a n c e  a t  one t ime.  T h i s  may 
be compared w i t h  a p r e s e n t  peak of abou t  150 o v e r  t h e  Nor th  
A t l a n t i c .  
c o u n t e r e d  d u r i n g  t h e  l i f e  o f  such  a sys t em,  ve ry  p r o b a b l y  
b e f o r e  1980. Therefore,  i t  is b e l i e v e d  t o  be a r e a l i s t i c  
f i g u r e  f o r  p r e s e n t  p u r p o s e s .  

( b )  Average Time Requi red  t o  Make a F i x  

r a n g i n g  s i g n a l s  i s  shown i n  Appendix B t o  b e  between . 4 7  seconds  
and .55 seconds ,  w e  t ake  t h e  a v e r a g e  as .51 seconds .  T h i s  d e l a y  
i s  i n c u r r e d  i n  s t a r t i n g  t h e  measurement p r o c e s s .  

which he assumed one second i s  s u f f i c i e n t  t o  l o c k  up a l l  t h e  
phase- locked  loops  and o t h e r  machine f u n c t i o n s  and 3 seconds  
i n t e g r a t i o n  t ime. An i n n o v a t i o n  i s  i n t r o d u c e d  i n  which t h e  PN 
s i g n a l  components a re  a c q u i r e d  i n  p a r a l l e l ,  t h u s  making more 
e f f i c i e n t  u s e  o f  t h e  i n t e g r a t i o n  t i m e .  I f  one measurement re- 
q u i r e s  f o u r  seconds t h e n  a maximum o f  900 f i x e s  p e r  h o u r  i s  
p o s s i b l e  i f  t h e  a i r c r a f t  p o s i t i o n s  are  measured one a t  a t ime.  
T h i s  measurement i n t e r v a l  w i l l  b e  assumed i n  s e t t i n g  t h e  m u l t i p l e  
r a n g i n g  r e q u i r e m e n t s  because  t h e  power r a d i a t e d  from t h e  s a t e l l i t e  
i s  computed by Se lden  and w i l l  be  used  i n  a subsequen t  example.  

The s e c t o r s  are d e f i n e d  t o  have  c o n s i d e r a b l e  geo- 

The peak t r a f f i c  assumed f o r  each  of t h e  s e c t o r s  

A peak o f  600 a i r c ra f t  w i l l  c e r t a i n l y  be  en- 

S i n c e  t h e  i n t e r v a l  t r e q u i r e d  t o  p r o p a g a t e  t h e  

M r .  R .  L. Se lden"  h a s  s t u d i e d  a s i g n a l i n g  s y s t e m  i n  

A subsequent  memorandum by Se lden**  assumes t h a t  code 
r e g e n e r a t o r s  w i l l  b e  f u r n i s h e d  i n  t h e  a i r c r a f t .  A power r e d u c t i o n  
from 54 watts t o  l e s s  t h a n  5 watts i s  a c h i e v e d  i f  t h i s  equipment  
i s  added i n  t h e  a i r c r a f t .  

*A Second Communications and T r a c k i n g  System For  A p p l i c a t i o n  t o  
A i r  T r a f f i c  Con t ro l " ,  R .  L .  Se lden ,  November 2 3 ,  1966 .  

* * A  Low Power Ranging System f o r  A p p l i c a t i o n  t o  A i r  T r a f f i c  
C o n t r o l  - Case 1 0 1 ,  A p r i l  2 7 ,  1967. 
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m 

( c )  M u l t i p l e  Ranging Requirement 

It i s  shown above that l o c a t i o n  of  t h e  p o s i t i o n  of 
one a i r c r a f t  by means of  t h e  assumed t e c h n i q u e s  w i l l  r e q u i r e  
abou t  4 seconds .  A t  t h i s  r a t e  it would r e q u i r e  2400 seconds  
t o  t ake  t h e  p o s i t i o n  o f  each of t h e  600 a i r c r a f t  i n  t h e  
s e c t o r ,  i f  t h e  measurements  are  made s i n g l y .  The r e s u l t i n g  
r a t e  o f  t h r e e  o b s e r v a t i o n s  o f  a n  a i r c r a f t  i n  two hour s  i s  
comple te ly  i n a d e q u a t e .  It is assumed here that  a i r c r a f t  
i n  t he  s e c t o r  shou ld  be observed a t  a n  a v e r a g e  o f  5-minute 
i n t e r v a l s .  T h i s  would require 7200 f i x e s  p e r  hour  o r  two 
f i x e s  e v e r y  second on a n  average .  T h i s  r a t e  may be 
ach ieved  i f  8 f i x e s  a r e  made eve ry  4 seconds .  Hence. it 
i s  assumed t h a t  f i x e s  w i l l  b e  made s i m u l t a n e o u s l y  on#groups  
of 8 a i r c r a f t .  

( d )  Range Accuracy Requirements  

Safe and e f f i c i e n t  u s e  o f  a i r  space  makes it  des i rab le  
t o  s t a c k  a i r c r a f t  a t  1 0 0 0  f t .  i n t e r v a l s  i n  a l t i t u d e .  If w e  
assume 1000 f t .  s p a c i n g  and r e q u i r e  o f  t h e  sys tem a r e s o l u t i o n  
a d e q u a t e  t o  mon i to r  t h i s  spac ing ,  a r e l a t i v e  accu racy  re- 
qui rement  o f  + 300 f e e t  s e p a r a t i o n  i s  r e q u i r e d .  T h i s  i s  t h e  
most s t r i n g e n F  r e q u i r e m e n t .  
u n c e r t a i n t i e s  about  e x a c t  s a t e l l i t e  p o s i t i o n s  do n o t  produce  
f i r s t  o r d e r  d e g r a d a t i o n s  of i t .  The most s t r i n g e n t  a b s o l u t e  
r equ i r emen t  i s  assumed t o  be + 1000  f e e t .  The s t r o n g e s t  rea- 
son  f o r  t h i s  r equ i r emen t  i s  i n  SAR o p e r a t i o n s .  

S i n c e  i t  i s  a r e l a t i v e  r equ i r emen t ,  

The + 1000 f t .  l i m i t  c o r r e s p o n d s  t o  about  2 r a n g e  
u n i t s  as d e f i n e d  i n  Appendix B. Hence, t h e  b a s i c  accu racy  
r e q u i r e d  of t h e  system i s  t h e  o r d e r  o f  one r a n g e  u n i t ,  
T h i s  i s  one b i t  i n  t h e  ranging  sequence and r e q u i r e s  abou t  
2 mhz 'bandwidth i n  t h e  r ang ing  c h a n n e l s .  

cs 
R e l a x a t i o n  o f  t h i s  r equ i r emen t  t o  s a y  t 3000 f e e t  

would make p o s s i b l e  a r e d u c t i o n  o f  s a t e l l i t e  power, speed up 
o f  r ange  measurement,  or a l low some combina t ion  o f  t h e s e  as 
a t r a d e - o f f .  

Communications Requirements  

(i) C o n t r o l  Channel  

A d i s c r e t e  command and c o n t r o l  channe l  i s  r e q u i r e d  
for two purposes :  

Command t h e  a i r c r a f t  t r a n s p o n d e r  t o  t r a n s m i t  
t h e  r ange  sequence and s p e c i f y  the f r equency  
It i s  t o  use .  



BELLCOMM, I N C .  ‘ - 1 3 -  

E s t a b l i s h  a vo ice  c o n n e c t i o n  between a i r c r a f t  
and t h e  ground s t a t i o n  o v e r  a n  i d l e  c h a n n e l  
and r i n g  t h e  mobile  s t a t i o n .  

We assume a 31-b i t  a d d r e s s  command word c o n s t r u c t e d  
i n  acco rdance  w i t h  t h e  d e s c r i p t i o n  i n  Appendix B. The re  are  
20 command codes  i n  t h e  command s e t .  Assuming 8 o f  t hese  
codes  d e f i n e  8 f r e q u e n c i e s  used by t h e  a d j u s t a b l e  t r a n s p o n d e r ,  
1 2  codes.  may be used  f o r  communications p u r p o s e s .  We assume 
for s t u d y  p u r p o s e s  t h a t  t h i s  i s  a d e q u a t e .  

The number o f  command words i s  20  and t h e  t o t a l  
number of b i t s  i n  a command sequence i s  620.  T h i s  sequence  
can  be s e n t  o n l y  4 times p e r  second o v e r  a v o i c e  band.  
T h i s  may be a d e q u a t e  f o r  v o i c e  c h a n n e l  c o n t r o l  b u t  would add 
a n o t h e r  a v e r a g e  o f  .25 seconds t o  t h e  t ime  r e q u i r e d  t o  make 
a set  o f  r a n g e  measurements .  It i s  p robab ly  b e t t e r  t o  
s e p a r a t e  t h e  r a n g i n g  c o n t r o l  from t h e  v o i c e  c h a n n e l  c o n t r o l  
and u s e  separate  c h a n n e l s  f o r  t hese  f u n c t i o n s .  The a l t e r n a t i v e  
i s  t o  s low down t h e  r a n g i n g  f u n c t i o n s  when the re  i s  a heavy 
l o a d  on t h e  t e l e p h o n e  s y s t e m .  

It i s  f u r t h e r  assumed t h a t  t h e  v o i c e  c h a n n e l s  are 
4-wire c i r c u i t s  a l l o w i n g  a normal t e l e p h o n e  t y p e  c o n v e r s a t i o n  
t o  be conducted  i n s t e a d  o f  t h e  push - to - t a lk  t y p e  o f  o p e r a t i o n .  
Hence, a group of 1 2  channe l s  must be t r a n s p o n d e d  by t h e  
s a t e l l i t e  i n  each  d i r e c t i o n ,  making a t o t a l  o f  24 c h a n n e l s  
f o r  v o i c e .  These t r a n s p o n d e r s  are n o t  shown i n  t h e  f i g u r e s  
of t h i s  memorandum. 

SYSTEM PARAMETERS 

( a )  Antennas 

Ground S t a t i o n  

The t r a n s m i t t i n g  a n t e n n a  w i l l  be  assumed t o  
have a beam broad enough and a power l e v e l  h i g h  
enough t o  c a p t u r e  t h e  t r a n s p o n d e r s  T and  t 

a l l  s a t e l l i t e s  and t o  a c q u i r e  p h a s e  l o c k s  on them. 
p + l  In 

The r e c e i v i n g  a n t e n n a  w i l l  be nar row beam 
( s a y  lo c o n i c a l )  w i t h  abou t  40db g a i n .  One w i l l  
be c o n t i n u o u s l y  t r a i n e d  on e a c h  s a t e l l i t e  f o r  
r a n g i n g  and communications.  

( i i )  S a t e l l i t e s  

The s a t e l l i t e  a n t e n n a  s h o u l d  have  c o n i c a l  beams 
abou t  1 8 O  doub le  a n g l e  a t  t h e  apex .  These a n t e n n a s  

.... 
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s u b s t a n t i a l l y  fill an  e a r t h - g r a z i n g  cone and 
i l l u m i n a t e  a l l  of t h e  ea r th ' s  s u r f a c e  v i s i b l e  
from t h e  s a t e l l i t e .  Such a n  a n t e n n a  has about  
18db g a i n .  

(iii) Aircraft  

The a i r c ra f t  a n t e n n a  s h o u l d  have a 180° beam 
p o i n t i n g  upward f rom a l e v e l  f l y i n g  a i r c ra f t .  
The main l o b e  i s  a s u r f a c e  o f  r e v o l u t i o n  w i t h  
i d e a l l y  c o n s t a n t  g a i n  a t  a l l  a n g l e s  o f  e l e v a t i o n  
above 5'. Such a n  a n t e n n a  can have no more t h a n  
3db g a i n .  

( b )  Bandwidths 

(i) Ranging Channel 

The b i t  r a t e  i n  a r a n g i n g  c h a n n e l  i s  abou t  
1 microsecond.  The r a n g i n g  c h a n n e l  w i l l  be 
assumed t o  b e  2 mhz. The number o f  c h a n n e l  
bands r e q u i r e d  i s  2 ( p t 4 )  and t h e  t o t a l  channe l  
s p a c e  I n  t h e  f requency  s p e c t r u m  i s  4 ( p t 4 )  mhz. 

(ii) Command Channel 

A command word i s  31 b i t s .  A command sequence  
is p words o r  31p b i t s .  The sequence  must be 
t r a n s m i t t e d  severa l  times p e r  second.  If f o r  
example p=8 and 1 0  t r a n s m i s s i o n s  p e r s e c o n d  are 
assumed, t h e  b i t  r a t e  i n  t h e  command c h a n n e l  
is 2,48O/second and a v o i c e  c h a n n e l  i s  r e q u i r e d .  
T h i s  example i n d i c a t e s  t h a t  t h e  command channe l  
bandwidth shou ld  be t h a t  o f  one o r  more v o i c e  c h a n n e l s  
depending  on t h e  v a l u e  o f  p r e q u i r e d  by t e l e p h o n e  
t r a f f i c  l o a d s .  

(iii) Voice and Command Channels  

If we assume a group o f  1 2  v o i c e  c h a n n e l s  
p e r  s a t e l l i t e ,  we have  48 c h a n n e l s  maximum f o r  
v o i c e  u s e .  We a s s i g n  two o f  these c h a n n e l s  f o r  
command u s e  l e a v i n g  t e n  f o r  v o i c e .  T h e r e f o r e ,  
we can have as many as 46 two-way c o n v e r s a t i o n s  
between t h e  ground s t a t i o n  and a i r c r a f t  i f  a l l  
f o u r  s a t e l l i t e s  are i n  u s e ,  o r  34 i f  on ly  t h r e e  
are i n  u s e .  The a c t u a l  demand f o r  v o i c e  connec- 
t i o n s  i s  n o t  known b u t  these  numbers are 
p r o b a b l y  i n  t h e  r i g h t  b a l l  p a r k .  

I 
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( c )  S t a b l i z a t i o n  

as communication s a t e l l i t e s .  E i t h e r  g r a v i t y  g r a d i e n t  o r  s p i n  
s t a b i l i z a t i o n  may be used .  The g r a v i t y  g r a d i e n t  i s  p r e f e r r e d  
if t h e  Advanced Technology S a t e l l i t e  t e s t s  programmed show i t  
t o  be a d e q u a t e  when used  i n  synchronous  o r b i t s .  

The s a t e l l i t e s  need t h e  same a c c u r a c y  i n  s t a b i l i z a t i o n  

( d )  Frequency A l l o c a t i o n s  

( i )  Ranging 

I n  t h e  s t u d y  sys tem f i x e s  are  made i n  g roups  
of  10  (assuming two c a l i b r a t i n g  c h a n n e l s  o p e r a t i n g  
c o n t i n u o u s l y ) .  The t o t a l  number of  channe l s  needed 
i s  2 4 .  A t o t a l  bandwidth o f  2 ( p + 4 )  X 2 megacycles  
i s  needed so t h a t  a t o t a l  o f  48 megacycles  band- 
w i d t h  i s  assumed. T h i s  bandwidth i s  assumed t o  be  
a s s i g n e d  i n  t h e  r e g i o n  o f  2 . 5  Ghz. 

-_ 

( i i )  Voice and  Command 

Both t h e  command c h a n n e l  and t h e  v o i c e  c h a n n e l s  
are assumed t o  be 4-wire. Hence, 2 groups  o f  48 kc  
are r e q u i r e d  f o r  each s a t e l l i t e  o r  a t o t a l  o f  384 kc 
f o r  4 s a t e l l i t e s .  These c h a n n e l s  are  assumed t o  be 
a s s i g n e d  i n  t h e  neighborhood o f  250 mhz. 

( e )  Power Requirements  

The power r equ i r emen t s  a t  t h e  s a t e l l i t e  and a i r -  
c r a f t  have  been  computed b y  Mr. R .  L .  Se lden* f o r  r a n g i n g ,  
command and one vo ice  channe l .  

The r e s u l t s  are  g iven  i n  T a b l e s  1, 2 ,  and 3 o f  t h e  
r e f e r e n c e d  memorandum. These t a b l e s  are  r ep roduced  h e r e .  

I 

*''A Second Communications and T r a c k i n g  System f o r  
A p p l i c a t i o n  t o  A i r  T r a f f i c  C o n t r o l "  - Case 1 0 1 ,  
November 23, 1966 .  
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TABLE 1 

D E R I V A T I O N  OF SATEILITE (AIRCRAFT) TRANSMITTER POWER 

T r a n s m i t t e r  Power 

Transmi t  C i r c u i t  Loss 

Antenna Gain ( S a t e l l i t e )  

P a t h  LOSS ( 2 . 5  GHz - 20 K N M i )  

A i r c r a f t  Antenna Gain 

A i r c r a f t  R e c e i v e r  C i r c u i t  Loss  
Ranging S i g n a l  Modulation Loss  

T o t a l  Received S i g n a l  Power 

R e c e i v e r  Noise S p e c t r a l  
= 460OK) (TsYs 

Dens i ty  

PT dBW 

-3.0 dB 

+18.0 dB 

-191.8 dB 

t 3 . 0  dB 

-2.0 dB 
-0.5 

PT-176.3 dBW ’ 
-202.0 dBW/HZ 

9 .  Transponder  1F Bandwidth 2 . 5  MHz 64 .0  

1 0 .  T o t a l  Transponder  S igna l - to-Noise  -138.0 dBW Requi red  

11. Requi red  I . F .  S i g n a l  t o  Noise R a t i o  
( M  = 1 . 2 5  Rad ians )  

-21 .0  dB 

1 2 .  T o t a l  Received S i g n a l  Power Requi red  -159.0 dBW 

13. S a t e l l i t e  T r a n s m i t t e r  Power Requi red  
PT - 176 .3  

-159.0 

17.3 dBW 

53.7 WATTS 

Adding a 6 dB pad f o r  a d d i t i o n a l  losses  ra i ses  t h i s  
number t o  approx ima te ly  200 watts. 
I n c l u d e  reduced  s a t e l l i t e  an tenna  g a i n  and p o i n t i n g  l o s s  and 
s i g n a l  p o l a r i z a t i o n  and losses .  

A d d i t i o n a l  losses might b 
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TABLE 2 

DERIVATION OF TRANSMITTER POWER REQUIRED AT VHF OF 

V O I C E  AND COMMAND 

1. S a t e l l i t e  T r a n s m i t t e r  Power om 2.  Transmi t  C i r c u i t  Loss 

3. Transmi t  Antenna Gain 

4. P a t h  Loss  (250 MHz-20 K N M i )  

5. Receive Antenna Gain 

6.  Receive C i r c u i t  Loss 

7 .  P o l a r i z a t i o n  Loss 

8. 

9.  

10. 

11. 

12. 

13 9 

14. 

Tot a1 Received S i g n a l  Power 

R e c e i v e r  Noise S p e c t r a l  Dens i ty  

D e t e c t i o n  Bandwidth 3 KHz 

(Tss = 725'K) 

Noise i n  D e t e c t i o n  Bandwidth 

S igna l - to-Noise  Rat io  Required 
( r m s  - r m s  t o n e )  

Requi red  Received S i g n a l  Power 

Requi red  T r a n s m i t t e r  Power 
PT - 157 = -148.2 

PT dBW 

-2.0 dB 

t18.0 dB 

-172.0 dB 

t3.0 dB 

-2.0 dB 

-2.0 dB 

PT-157.0 dBW 

-200.0 dBW/Hz 

34.8 dB 

-165.2 dBW 

1 7 . 0  dB 

-148.2 dBW 

t8.8 dBW 

7.5 WATTS 
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The r e s u l t s  of  h i s  c a l c u l a t i o n s  show 

Ranging Power 54 t o  200 watts 

Voice and Command 7.5 w a t t s / c h a n n e l  

o r  90 w a t t s / l 2  channe l  group 

Data on t h e  system assumed by S e l d e n  i s  summarized 
i n  Tab le  3 .  

TABLE 3 
SUMMARY - AIRCRAFT - SATELLITE SYSTEM PARAMETERS 

FUNCTION SATELLITE 
Voice  and Command 

AIRCRAFT 

Frequency 250 MHz 250 MHZ 

Modulat ion S i n g l e  S ideband S i n g l e  S ideband 
T r a n s m i t t e r  Power 7.5 WATTS 
R e c e i v e r  Noise Temper- 7 2 5 O K  
a tu re  

7.5 WATTS 
725OK 

Antenna Gain 18.0 dB 3.0 dB 
Signal - to-Noise  R a t i o  17.0 dB 1 7 . 0  dB 
In fo rma t  i o n  Bandwidth 3.0 KHz 

Frequency 2.5 GHz 
Modulat ion PN/PM 

Ranging 
3 KHz 

2 . 5  GHz 
PN/PM 

T r a n s m i t t e r  Power 50-200 WATTS 50-200 WATTS 
R e c e i v e r  Noise Temper- 4 6 O o K  460°K 
a t u r e  

Antenna Gain 18 dB 3 dB 
Signal - to-Noise  R a t i o  - 2 1  dB 

( i n  t r a n s p o n d e r  1F) 
-21 dB 

Bandwidth 2 . 5  MHz 2 .5  MHZ 

I 

F i g u r e  5 shows a p a r t i a l  b l o c k  d iagram o f  one form 
Of t h e  sys t em w i t h  approximate f r e q u e n c i e s  and power l e v e l s  a t  
which t h e  s a t e l l i t e  and a i r c r a f t  equipments  work, as w e l l  as t h e  
a n t e n n a  g a i n s  and channe l  bandwidths .  
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These t a b u l a t e d  d a t a  are  f o r  t h e  h i g h  l e v e l  r ange  
t r a n s p o n d e r s  i n  t h e  s a t e l l i t e  and i n  t h e  a i r c ra f t .  The low 
l e v e l  t r a n s p o n d e r s  i n  t h e  s a t e l l i t e ,  a l t h o u g h  there are  a number 
of them, o p e r a t e  a t  about  30 d B  lower  l e v e l  and do n o t  c o n t r i b u t e  
a p p r e c i a b l y  t o  t h e  s a t e l l i t e  power d r a i n  even  though t h e r e  i s  a 
c o n s i d e r a b l e  number of them. It s h o u l d  be n o t e d  t ha t  o n l y  one 
s a t e l l i t e  i s  t r a n s m i t t i n g  a t  h i g h  power a t  any t ime. Hence, the  
a v e r a g e  power d r a i n  p e r  s a t e l l i t e  i s  one f o u r t h  o f  t h a t  computed. 
T h i s  f a c t  i s  u s e f u l  i f  t h e r e  i s  p r o v i d e d  i n  each  s a t e l l i t e  a n  
a c c u m u l a t o r  f o r  s o l a r  power r e c e i v e d .  Such a n  accumula to r  i s  
needed because  e a c h  s a t e l l i t e  w i l l  b e  i n  t h e  shadow of  t h e  ear th  
f o r  some 72 minu tes  a t  a t ime and no solar power i s  r e c e i v e d .  
The h i g h  power t r a n s p o n d e r s  shou ld  n o t  be used d u r i n g  these  
times b u t  t h e  low l e v e l  t r a n s p o n d e r s  must b e  used  even when t h e  
s a t e l l i t e  i s  i n  t h e  e a r t h ’ s  shadow. 

m 

( f )  I n t e r r o g a t i o n  P r o g r a m  

While a n  o b s e r v a t i o n  o f  a n  a i r c r a f t  p o s i t i o n  e v e r y  
5 minu tes  may b e  s a t i s f a c t o r y  f o r  an  a v e r a g e ,  there  are  many 
s i t u a t i o n s  which r e q u i r e  more f r e q u e n t  o b s e r v a t i o n s .  P r i m a r i l y  
t h e s e  are cases of a i r c r a f t  i n  more crowded a i r  l a n e s  n e a r  
a i r p o r t s .  Conver se ly ,  a i r c r a f t  i n  s p a r s e l y  t r a v e l e d  airways 
may r e q u i r e  less  f r e q u e n t  o b s e r v a t i o n s .  The re  i s  a n  oppor- 
t u n i t y  t o  i n s e r t  t h e  address o f  an a i r c r a f t  i n  t h e  command 
sequence  9 0 0  t imes p e r  hour .  A program can  be d e v i s e d  f o r  
i n t e r r o g a t i n g  some a i r c r a f t  more f r e q u e n t l y  and o t h e r s  less 
f r e q u e n t l y  as r e q u i r e d  by  t h e  r e s p e c t i v e  s i t u a t i o n s  p rov ided  
t h e  ave rage  l o a d  does  n o t  exceed t h e  t o t a l  c a p a c i t y .  
Except  f o r  r a r e  s i t u a t i o n s ,  a f i x  e v e r y  two minu tes  s h o u l d  
s u f f i c e  as a maximum f o r  s u b s o n i c  j e t s  and somewhat more 
f r e q u e n t  f i x e s  might  b e  needed f o r  s u p e r s o n i c  j e t s .  

T h e r e  are 9 0 0  four-second i n t e r v a l s  i n  an  hour  and 
t h e r e  i s  an o p p o r t u n i t y  t o  i n t r o d u c e  t h e  address  of  an  a i r -  
c r a f t  i n  any one o f  t hese  i n t e r v a l s .  T h i s  g i v e s  adequa te  
f l e x i b i l i t y  i n  t h e  i n t e r r o g a t i o n  program. As t h e  airways 
become more crowded and  t h e  number o f  a i r c r a f t  i n t e r r o g a t e d  
more f r e q u e n t l y  i n c r e a s e s ,  i t  may become n e c e s s a r y  t o  e i t h e r  
decrease t h e  i n t e r v a l ,  i n c r e a s e  t h e  group s i z e ,  o r  u se  some 
combina t ion  o f  t h e  two. 

I 

COSTS 

Some p r e l i m i n a r y  c o s t  es t imates  f o r  e s t a b l i s h m e n t  

made u s i n g  s a t e l l i t e  and launch  c o s t s  e x p e r i e n c e d  by N A S A  
i n  t h e i r  programs t o  da te .  These estimates are as f o l l o w s :  

8 . and main tenance  o f  a n  A i r  T r a f f i c  C o n t r o l  Sys t em have been 
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E s t  ab  l i s  hment C o s t s  

Sys tems E n g i n e e r i n g  ( 4  y e a r s )  
Systems Development 
S a t e l l i t e  C o s t s  (lo* @ 1 . 5  m i l l i o n )  
Launch C o s t s  (10" @ 8 m i l l i o n )  
Ground S t a t i o n  Cos t s  

Q 

T o t a l  
"Assumes 2 l a u n c h  f a i l u r e s  

Annual C o s t s  

6 10  d o l l a r s  
10 .00  
30.00 

15.00 
80.00 

35 00 
170.00 

Replacement  Launches ( 4  @ 9 .50)  38.00 
O p e r a t i o n  and Maintenance Ground S t a t i o n  72.00 

T o t a l  110.00 

A i r c r a f t  Cos t s  

2 ,000 a i r c r a f t  @ $10,000 each 20 .00  

The a i r c r a f t  c o s t s  are a pu re  g u e s s .  However, t h e  t r a n s -  
p o n d e r  i s  q u i t e  s imple  and i n  a volume o f  some s e v e r a l  hundred  
p e r  y e a r  t h e  $10,000 u n i t  cos t s  seem r e a s o n a b l e .  I n  any 
e v e n t ,  i t  i s  a s m a l l  p a r t  of t h e  whole.  

A 5-year  c o s t  es t imate  o m i t t i n g  a i r c r a f t  c o n v e r s i o n  
c o s t s  are summarized as f o l l o w s :  

E s  t ab l i s  hment c o s t s  170 .00  
5 Years @ 1 1 0 . 0 0  

To t  a1 
550.00 

720.00 

The c o s t  t o  F A A  o f  o p e r a t i n g  and m a i n t a i n i n g  t h e  p r e s e n t  
e n  , r o u t e  c o n t r o l  o v e r  U . S . A .  a l o n e  f o r  5 years w i l l  be i n  
excess o f  one b i l l i o n  d o l l a r s  s o  t h e  comparison i s  n o t  un- 
f a v o r a b l e  t o  t h e  s a t e l l i t e  s y s t e m .  Most o f  t h e  a n n u a l  s a v i n g s  
is i n  c o n t r o l l e r s '  sa la r ies .  I 

It i s  d o u b t f u l  as t o  whe the r  a comparison w i t h  p r e s e n t  
cos t s  i s  v e r y  meaningfu l  f o r  o v e r l a n d  r o u t e s  because  one s y s t e m  
w i l l  . no t  comple t e ly  rep lace  a n o t h e r .  

A l s o ,  over-ocean r o u t e s  have  no cove rage  a t  a l l  now 
whereas t h e  f i g u r e s  above cove r  two s e c t o r s ,  U . S . A .  and the  
A t l a n t i c  r o u t e s .  The over-ocean s e c t o r  cannot  be  a d e q u a t e l y  
p o l i c e d  by an  e x t e n s i o n  o f  t h e  p r e s e n t  FAA s y s t e m .  
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F i n a l l y ,  t h e  p r e s e n t  s y s t e m  w i l l  n o t  b e  a d e q u a t e  
f o r  c o n t r o l  o f  s u p e r s o n i c  J e t  t r a f f i c  because  o f  t h e  ve ry  
s h o r t  t i m e s  t hese  j e t s  w i l l  b e  w i t h i n  one c o n t r o l  s e c t o r .  

G e n e r a l  A v i a t i o n  

There  i s  a n  u n d e r s t a n d a b l e  r e l u c t a n c e  on t h e  p a r t  
o f  t h e  FAA t o  s c r a p  t h e  inves tment  i n  t h e  p r e s e n t  sys t em 
e x c e e d i n g  a h a l f - b i l l i o n  d o l l a r s .  There w i l l  be  more t h a n  
100 ,000  small a i r c r a f t  i n  U . S . A .  w i t h i n  t h e  n e x t  decade .  
If any s u b s t a n t i a l  f r a c t i o n  o f  t h e s e  a i r c r a f t  s h o u l d  f l y  
i n s t r u m e n t  f l i g h t  r u l e s  and add t o  t h e  e s t i m a t e d  t r a f f i c ,  
t h e  proposed  s y s t e m  might become b a d l y  o v e r l o a d e d .  No s u c h  
p rob lem e x i s t s  f o r  over-ocean r o u t e s .  

A s e r i o u s  a t t e m p t  s h o u l d  be  made t o  c o n v e r t  t h e  
e x i s t i n g  ove r - l and  s y s t e m  t o  a s s i s t i n g  g e n e r a l  a v i a t i o n  
r a the r  t h a n  d i s c a r d i n g  i t  if a s a t e l l i t e  s y s t e m  i s  adop ted  
t o  c o n t r o l  commercial  a i r  t r a f f i c .  The f r a c t i o n a l  area 
cove rage  w i l l  b e  less  f o r  t h e  lower  a l t i t u d e  t r a f f i c .  
However, t h e  g e n e r a l  a v i a t i o n  f l i g h t s  a re  s h o r t e r  and t h e  
a i r c r a f t  s l o w e r , a n d  some w a y  might  b e  d e v i s e d  t o  r e n d e r  
a s s i s t a n c e  t o  t h i s  l a rge  volume o f  t r a f f i c  and  d e c r e a s e  t h e  
m u t u a l  h a z a r d s  which i t  c r e a t e s .  

AIRPORT CONTROLS I 

The g rea t e s t  t r a f f i c  c o n g e s t i o n  i s  found i n  t h e  
ne ighborhood o f  a i r p o r t s .  There  are two ways o f  d e c r e a s i n g  
t h i s  c o n g e s t i o n :  .. . 

(1) E x e r c i s e  b e t t e r  c o n t r o l  o f  a r r i v a l s  

( 2 )  Develop a l a n d i n g  s y s t e m  t h a t  can  h a n d l e  t r a f f i c  i n  
a l l  t y p e s  of weather  a t  abou t  t h e  same r a t e .  

The proposed  s u r v e i l l a n c e  sys t em w i l l  h e l p  c o n t r o l  
- 

t h e  a r r i v a l  r a t e  b u t  can  do n o t h i n g  t o  speed  up t h e  l a n d i n g  
- r a t e  i n  bad weather.  

Q 
- 

An a d e q u a t e  a l l - w e a t h e r  l a n d i n g  s y s t e m  i s  b a d l y  
needed  and l i t t l e  p r o g r e s s  has been made i n  t h e  l as t  two 
decades  toward development o f  s u c h  a s y s t e m .  The p r e s e n t  
I L S  s y s t e m  i s  a ground wave r a d i o  sys tem and w h i l e  t hese  
sys t ems  have  been  t u n e d  t o  p a r t i c u l a r  s i t u a t i o n s  s o  t h a t  t h e y  
are r e a s o n a b l y  e f f e c t i v e ,  they are v u l n e r a b l e  t o  v a r y i n g  phenomena 
t h a t  change t h e  ground waves such  as a l o n g  f r e i g h t  t r a i n  
on a nearby  r a i l r o a d  o r  s h i p s  anchored  i n  a nearby  h a r b o r .  
The p r e s e n t  v e r s i o n s  can  produce d i s a s t r o u s  a c c i d e n t s  f o r  
t h e s e  r e a s o n s .  The s a f e t y  a s p e c t s  are p r e s e n t l y  maximized by 
impos ing  v i s i b i l i t y  l i m i t a t i o n s  on I L S  l a n d i n g s  which c a u s e  s e r i o u s  . 

f 
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c o n g e s t i o n s  a t  a i r p o r t s  and f o r c e  u s e  of a l t e r n a t e  a i r p o r t s  
t o  t h e  i n c o n v e n i e n c e  o f  p a s s e n g e r s .  

If t h e  t r a n s p o n d e r  equipments  r e q u i r e d  f o r  t h e  
s a t e l l i t e  s u r v e i l l a n c e  a r e  on b o a r d  t h e  a i r c r a f t ,  these 
equipments  can be  made t o  s e r v e  also as p a r t s  o f  a l a n d i n g  
c o n t r o l  sys t em.  Such a l a n d i n g  c o n t r o l  s y s t e m  i s  n o t  a p a r t  
of t h i s  s t u d y  however. 

Summary - Comments 

( a )  The ma jo r  problems o f  e s t a b l i s h i n g  a S a t e l l i t e  A i r  T r a f f i c  
C o n t r o l  System are d i s c u s s e d  and p r o p o s a l s  f o r  t h e i r  s o l u t i o n s  
shown t o  be  i n  t h e  p r e s e n t  s t a t e  o f  t h e  a r t s .  

b 
( b )  The S a t e l l i t e  System i s  t h e  o n l y  p r a c t i c a l  s y s t e m  f o r  use 
o v e r  o c e a n s .  It i s  much s u p e r i o r  t o  t h e  ATC sys tem p r e s e n t l y  
i n  use  o v e r  l a n d  because  t h e  e x t r e m e l y  b r o a d  coverage  o f  a c o n t r o l  
s e c t o r  minimizes  hand-of fs  and d r a s t i c a l l y  r educes  t he  number of 
c o n t r o l l e r s  needed .  

( c )  I f  a wor ld  wide c o n t r o l  s y s t e m  i s  e s t a b l i s h e d  u s i n g  one 
t y p e  o f  s y s t e m  t h e  s a t e l l i t e  s y s t e m  i s  b y  f a r  t h e  b e s t  c h o i c e ,  i f  
n o t  t h e  o n l y  c h o i c e .  

( d )  A lead time o f  a t  l ea s t  f o u r  y e a r s  i s  needed t o  e s t a b l i s h  
s u c h  a sys t em.  The e n g i n e e r i n g  s h o u l d  be underway now. 

( e )  An e n  r o u t e  s u r v e i l l a n c e  s y s t e m  s o l v e s  one of  t h r e e  major  
a i r  t r a f f i c  con t ' ro l  problems.  One o t h e r ,  a n  a l l  weather l a n d i n g  
s y s t e m  i s  e q u a l l y  i m p o r t a n t  and b a d l y  needed .  I t  d o e s  n o t  a p p e a r  
t o  be fo r thcoming  from e x t e n s i o n s  o f  t h e  p r e s e n t  t e c h n i q u e s .  

( f )  Genera l  A v i a t i o n  o v e r  l a n d  masses p o s e s  a t h i r d  problem. 
To i n c l u d e  i t  i n  t h e  world wide s y s t e m  w i l l  change t'he l o a d  
p a r a m e t e r s  d r a s t i c a l l y  and r e q u i r e  s o p h i s t i c a t e d  equipments  i n  
a l l  a i r c r a f t .  T h i s  may b e  t h e  b e s t  approach  b u t  a p o s s i b l e  a l t e r n a t i v e  
i s  t o  use  t h e  p r e s e n t  system f o r  g e n e r a l  a v i a t i o n  and a s a t e l l i t e  
s y s t e m  f o r  c a r r i e r  t r a f f i c .  

10-CAL-trb 

Attached : 
Appendix A and B 
F igures  1 through 5 
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APPENDIX A 

SOME FEATURES OF A RELAY SATELLITE 
AIR TRAFFIC CONTROL SYSTEM 

A i r c r a f t  P o s i t i o n  . C a l c u l a t i o n s  8 
Assume f o u r  s a t e l l i t e s  i n  s p a c e  n o t  a l l  i n  one p l a n e ,  

b u t  a l l  on t h e  s u r f a c e  of a s p h e r e  of r a d i u s  h.  Let t h e i r  
c o o r d i n a t e s  be   xi,^ i , z 1 ) ,  ( ~ 2 ~ ~ 2 , 2 2 1 ,  ( x 3 , y 3 , z 3 )  and (x4 ,y4z ,+ )  
r e s p e c t i v e l y .  Let an  a i r c r a f t  A have c o o r d i n a t e s  x , y , z .  The 
f o u r  s t r a i g h t  l i n e  d i s t a n c e s  between t h e  a i r c r a f t  and t h e  
r e s p e c t i v e  s a t e l l i t e s  are  g i v e n  by:  

r12 = (x-x112 -I- (y -y1)2  t ( z - z 1 ) 2  

a l so  s i n c e  xi2 t yi  t z12 = h 2 ,  i = 1,2,3,4 

r 1 2  - r2* = 2 ( ~ ~ - ~ ~ ) ~ - ~ ~ 2 ( y ~ - y ~ ) y t 2 ( z ~ - z ~ ) z  

r 2 2  - r 3 2  = 2 ( ~ 3 - ~ ~ ) ~ + 2 ( y ~ - y ~ ) y t 2 ( z ~ - z ~ ) z  
r 3 2  - r 4 2  = 2 ( ~ ~ - ~ ~ ) ~ + 2 ( y , + - y ~ ) y + 2 ( z ~ - z ~ ) z  

The d e t e r m i n a n t  D ,  g i v e n  by 

@) i s  n o t  z e r o  because  i t s  v a n i s h i n g  i m p l i e s  t h e .  f o u r  s a t e l l i t e s  
are  c o p l a n a r .  Hence, e q u a t i o n s  ( 2 )  may be s o l v e d  f o r  x , y , z .  

When r e t u r n s  a r e  r e c e i v e d  v i a  t h r e e  s a t e l l i t e s  o n l y ,  
t h e  t h r e e  n o n - l i n e a r  e q u a t i o n s  may be  s o l v e d  f o r  x , y , z  u s i n g  
measured v a l u e s  of r l , r2 , r3 .  I n  t h i s  c a s e  t h e r e  are two s o l u -  
t i o n s ,  and i t  must  b e  known at  t h e  c o n t r o l  c e n t e r  which hemi- 
s p h e r e  t h e  a i r c r a f t  i s  i n ,  i n  o r d e r  t o  r e s o l v e  t h e  ambigu i ty .  
The s o l u t i o n s  w i l l  b e  made by computers .  

When r e t u r n s  are r e c e i v e d  v i a  two s a t e l l i t e s  o n l y ,  
it i s  n e c e s s a r y  t o  have a t h i r d  r e l a t i o n  between x, y and  z 
i n  o r d e r  t o  c a l c u l a t e  t h e  a i r c ra f t  p o s i t i o n .  If t h e  a l t ime te r  

@ 
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r e a d i n g  on-board t h e  a i r c ra f t  i s  t r a n s m i t t e d  t o  t h e  g round  
s t a t i o n ,  t h e n  t h e  r e l a t i o n  

x2 + y 2  + z 2  = (a+ba)2 

i n  which a i s  t h e  sea l e v e l  r ad i ,u s  o f  t h e  e a r t h  and 6a i s  t h e  
a l t i t u d e ,  measured aboa rd  t h e  a i r c r a f t ,  may be used  and a f i x  o b t a i n e d  
e x c e p t  f o r  an ambigui ty  which can  a l s o  b e  r e s o l v e d  r a the r  e a s i l y .  

F i g u r e  2 shows t h r e e  s a t e l l i t e s  of  t h e  f o u r  i n  con- 
f i g u r a t i o n  shown i n  F i g u r e  l ( a ) .  

Cons ide r  t h i s  f i g u r e .  The x,y p l a n e  i s  t h e  e q u a t o r i a l  
p l a n e  and t h e  z a x i s  p o i n t s  t o  t h e  n o r t h  p o l e .  The p o i n t  S1 
on t h e  x a x l s  i s  t h e  l o c a t i o n  o f  one g e o s t a t i o n a r y  s a t e l l i t e .  
The p o i n t  S2 i s  a second g e o s t a t i o n a r y  s a t e l l i t e  s e p a r a t e d  i n  
l o n g i t u d e  from t h e  f i r s t  by an a n g l e  2 a .  The p o i n t  S3 i s  a 
24-hour s a t e l l i t e  i n  an  i n c l i n e d  o r b i t .  The p o i n t  A i s  t h e  
l o c a t i o n  o f  an a i r c r a f t  ( n e a r  t h e  s u r f a c e  o f  t h e  e a r t h ) .  The 
d i s t a n c e s  r l ,  r 2  and r 3  are t h e  r e s p e c t i v e  d l s t a n c e s  f rom t h e  
t h r e e  s a t e l l i t e s  t o  t h e  t a r g e t  a i r c r a f t .  The c o o r d i n a t e s  o f  
t h e  s a t e l l i t e s  are r e s p e c t i v e l y  : 

'1 ( h , o J u )  
S 2  (hCos2a, hS in2a ,  0 )  
S3 (hCosaCosf3, hSinaCosf3, hSinB) 

The c o o r d i n a t e s  o f  t h e  T a r g e t  A i r c r a f t  w i l l  b e  deno ted  as 
unknowns ( x , y , z ) .  

We have t h e  f o l l o w i n g  r e l a t i o n s :  

rl* = ( x - h ) 2  I- y 2  -1- z2 
r22 = ( x - h C o s 2 ~ ) ~  -1- ( y - h S i r 1 2 a ) ~  + z 2  

r32 = (x-hCosaCosf3')2 f (y-hSinuCosf3)2 + (z-hSinB)* 

If r l ,  r2 and r 3  are measured by any method wha teve r  
t h e  c o o r d i n a t e s  o f  A ( x , y J z )  can be c a l c u l a t e d  by s o l v i n g  s imul -  
t a n e o u s l y  t h e  t h r e e  q u a d r a t i c  e q u a t i o n s .  S o l u t i o n  o f  t hese  
e q u a t i o n s  can b e  accompllshed by computer  methods and w i l l  n o t  
be  d i s c u s s e d  f u r t h e r  here .  

There i s ,  however,  a q u e s t i o n  o f  compos i t ion  o f  
e r r o r s  i n  measurement i n t o  e r r o r s  o f  p o s i t i o n  l o c a t i o n .  L e t  
d r l ,  d r 2  and d r 3  be e r r o r s  i n  measurement and dx ,  d y ,  and dz 
b e  t h e  r e s u l t i n g  e r r o r s  i n  a i r c r a f t  p o s i t i o n .  These  e r r o r  
q u a n t i t i e s  a r e  r e l a t e d  by l i n e a r  e q u a t i o n s ,  o b t a i n e d  by d i f -  
f e r e n t i a t i n g  t h e  r ange  e q u a t i o n s  : 

Q 
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L e t  A = 

r l d r l  = (x-h)dx  t ydy t zdz 
r 2 d r 2  = (x-hCosa)dx t (y-hSin2a)dy t zdz 
r 3 d r 3  = (x-hCosaCos8)dx + (y-hSinaCosB)dy + (z -hSin8)dz  

X - h  Y Z 

x-hCos2a y-hSin2a Z 

x-hCosaCos8 y-hSinaCos B z-hSinB 

d x  = - A 1 

S i n c e  x ,y ,z  are p o i n t s  n e a r  t h e  e a r t h ' s  s u r f a c e ,  and t h e  p l a n e  

r l d r l  Y Z 

r 2 d r 2  y-hSin2a Z 

r 3 d r 3  y-hSinaCosB z-hSinB 

c o n t a i n i n g  S1 ,  S2 and S3 does n o t  p a s s  n e a r  t h e  s u r f a c e ,  t h e  
p o i n t  x,y,z cannot  b e  c o p l a n a r  w i t h  SI, S2,  S 3  a n d .  

A # 0 f o r  a l l  x , y , z  of' i n t e r e s t  

dy = - A 

Hence 

X-h  r l d r l  Z 

x-hCos2a r 2 d r 2  Z 

x-hCosaCosB r3dr-3 z-hSinB 

dz = - A 

X - h  Y r l d r l  
x-hCos2a y-hSin2a r 2 d r 2  

x-hCosaCosf3 y-hSinaCosB r 3 d r 3  

Some s p e c i f i c  c a l c u l a t i o n s  of t h e  amount o f  t h i s  
d i l u t i o n ,  assumink t h e  s a t e l l i t e  p o s i t i o n s  t o  be  known p r e c i s e l y ,  
have been made by use  8f a computer r o u t i n e  f o r  t h i s  c o n f i g u r a t i o n .  
The r e s u l t s  are  g iven  he re .  Using t h e  n o t a t i o n  

dl 
2rw = l o n g i t u d e  a n g l e  between g e o s t a t i o n a r y  s a t e l l i t e s  

8 = i n c l i n a t i o n  a n g l e  of t h i r d  s a t e l l i t e  

6 = d r l  = d r 2  = d r 3  
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a B 6 
dx 

20° 20' - e 8 1 5  

_. 

22.5' 22.5' -e850 

30° 30 ' -.914 
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The f o l l o w i n g  table  was c a l c u l a t e d .  

- dz Jdxz t d y Z  + d z Z  
6 6 6 

-e472 -.720 1.18 

-.405 -.720 1.16 

-.222 -.670 1.15 

While these computa t ions  were made f o r  one t a r g e t  
p o i n t  on t h e  ea r th ' s  s u r f a c e ,  t h a t  p o i n t  was n o t  chosen f o r  
minimum accuracy  d i l u t i o n  and i s  a t  x=y=z=4000 /6 .  
accuracy  d i l u t i o n  due t o  geometr ic  f a c t o r s  i s  small f o r  t h e  
cases computed and does not vary  grea t ly  w i t h  a i r c r a f t  p o s i -  
t i o n .  S i m i l a r  c a l c u l a t i o n s  made f o r  t h e  c o n f i g u r a t i o n  of 
F i g u r e  l ( b )  lead t o  r e s u l t s  n o t  a p p r e c i a b l y  d i f f e r e n t  from 
t h o s e  shown i n  t h i s  t ab l e .  

The 
I 

I 
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APPENDIX B 

The r a n g i n g  t e c h n i q u e  proposed  f o r  t h e  ATC s y s t e m  i s  
Pseudo Random n o i s e  r a n g i n g  based on t h e  Apollo U n i f i e d  S Band 
Ranging System. I ts  use  h e r e  d i f f e r s  from t h e  Apol lo  System i n  
s e v e r a l  r e s p e c t s  : 

( a )  The upper  and  lower  bounds on t h e  r a n g e s  t o  be measured 
are r e l a t i v e l y  c l o s e  t o  each  o t h e r .  

(b) Neans must be p r o v i d e d  t o  address a s u b s e t  of t h e  
a i r c ra f t  unde r  c o n t r o l  and cause  t h o s e  addressed t o  
t r a n s p o n d  t h e  r a n g i n g  sequence .  

P r o v i s i o n  must b e  made f o r  measur ing  s e v e r a l  r a n g e s  
s i m u l t a n e o u s l y  t o :  

( c )  

( i )  Measure t h r e e  o r  f o u r  d i s t a n c e s  r e q u i r e d  t o  
l o c a t e  t h e  p o s i t i o n  o f  an a i r c r a f t  i n  t h r e e -  

--- 
s p a c e  ; 

( i i )  Loca te  t h e  p o s i t i o n s  o f  s e v e r a l  a i r c r a f t  i n  
t ime-ove r l app ing  o p e r a t i o n s .  

( d )  Two s a t e l l i t e  r e l a y  t r a n s p o n d e r s  are i n s e r t e d  i n  
t h e  r a n g i n g  loop and means t o  a s s u r e  l o c k i n g  up t h e  
phase- locked  loops  must b e  p rov ided .  

( e )  A s y s t e m  c a l i b r a t i o n  means i s  needed.  

The r a n g i n g  codes and t h e  address-command codes  are 
d i s c u s s e d  i n  t h i s  appendix.  Other t o p i c s  are t r e a t e d  i n  t h e  6 body o f  t h e  memorandum. 

Time and D i s t a n c e  L i m i t s  

Cons ide r  F i g u r e  4 .  The c i r c l e  r e p r e s e n t s  a p r o j e c t i o n  
of t h e  E a r t h  on a p l a n e  w h i c h  p a s s e s  t h r o u g h  a synchronous  sa te l -  
l i t e  S and t h e  c e n t e r  o f  t h e  E a r t h .  Fo r  rough c a l c u l a t i o n s ,  t h e  
r a d i u s  o f  t h e  E a r t h  i s  t a k e n  a t  4,000 mi les  and t h e  a l t i t u d e  o f  
t h e  s a t e l l i t e  as 22 ,300  miles .  The p o i n t  P i s  l o c a t e d  so  t h a t  
t h e  l i n e  SP makes an a n g l e  of  5 O  w i t h  t h e  l o c a l  h o r i z o n .  If t h e  
f i g u r e  i s  r o t a t e d  about  t h e  l i n e  OS, t h e  chord  C g e n e r a t e s  a 
p l a n e  t h a t  d i v i d e s  t h e  E a r t h ' s  s u r f a c e  i n t o  two p a r t s .  The p a r t  
f a c i n g  t h e  s a t e l l i t e  w i l l  be  c a l l e d  t h e  v i s i b l e  p a r t  o f  t h e  E a r t h ' s  
s u p f a c e .  

! 



' BELLCOMM, INC. - B2 - 

The f o u r  24-hour r e l a y  s a t e l l i t e s  used  f o r  r a n g i n g  
must be s e p a r a t e 6  from each  o t h e r  by a p p r e c i a b l e  d i s t a n c e s  t o  
g i v e  adequa te  p r e c i s i o n  i n  c a l c u l a t i o n s  o f  p o s i t i o n  from t h e  
measured r anges .  Each s a t e l l i t e  has a d i f f e r e n t  p a r t  o f  the  
Earth 's  s u r f a c e  as i t s  v i s i b l e  p a r t .  The p a r t  o f  t h e  E a r t h ' s  
s u r f a c e  which i s  v i s i b l e  from a l l  f o u r  s a t e l l i t e s  i s  t h e  s e c t o r  
unde r  c o n t r o l  of t h e  a s s o c i a t e d  ground s t a t i o n .  The ground sta- 
t i o n  may be l o c a t e d  anywhere w i t h i n  t h e  s e c t o r ,  and i t  must  be 
c a p a b l e  o f  f i x i n g  t h e  p o s i t i o n  of  any a i r c r a f t  w i t h i n  t h e  s e c t o r  
whether i n  f l i g h t  o r  on t h e  E a r t h ' s  s u r f a c e .  It i s  d e s i r e d  h e r e  
t o  get c o a r s e  upper  and lower  bounds t o  t h e  d i s t a n c e s  t r a v e l l e d  
by r a n g i n g  s i g n a l s  and t o  t h e  t ime  i n t e r v a l s  which must elapse 
whi l e  the s i g n a l s  a r e  b e i n g  p ropaga ted .  

The s h o r t e s t  d i s t ance  o c c u r s  f o r  t h e  c a s e  where b o t h  
t h e  s t a t i o n  and :he a i r c r a f t  a r e  d i r e c t l y  below a s a t e l l i t e .  
T h i s  i s  4dmin ( s e e  F i g u r e  4 )  and i s  89 ,200  miles. The l o n g e s t  
d i s t a n c e  o c c u r s  i n  the case  where b o t h  t h e  s t a t i o n  and t h e  a i r -  
c r a f t  s e e  t h e  s a t e l l i t e  at 5' e l e v a t i o n .  T h i s  i s  4d and i s  
102,800 m i l e s .  Hence, any t o t a l  d i s t a n c e ,  d ,  t r a v e l l e d  by rang-  
i n g  s i g n a l s ,  must s a t i s f y  

max 

89,200 miles 7 d 7 102,800 miles .  

If these  d i s t a n c e s  a r e  d i v i d e d  by t h e  v e l o c i t y  of  ligh'; 

. 47  seconds  7 t .555 seconds .  

t h e  co r re spond ing  t ime  l i m i t s  a r e  o b t a i n e d  

A Proposed Ranging Sequence 

The PN ranging  technique  and t h e  p r o p e r t i e s  o f  t h e  
r a n g i n g  s i g n a l s  are d e s c r i b e d  i n  "Dig i ta l  Communications With 
Space A p p l i c a t i o n s , "  Solomon W .  Golomb, e t  a l ,  P r e n t i c e  Hall .  
T:?e ?N sequences  a r e  l o n g  sequences o f  b i n a r y  b i t s  which are 
r e p e a t e d  i n d e f i n i t e l y .  The r e p e t i t i o n  i n t e r v a l  normally i s  
grea te r  t h a n  t h e  round t r i p  time o f  e l e c t r o m a g n e t i c  waves a t  
t h e  g r e a t e s t  d i s t a n c e  t o  b e  r e s o l v e d  by t h e  s y s t e m .  A PN 
sequence  has  t h e  p r o p e r t y  t h a t  i f  two i d e n t i c a l  sequences  are 
d i s p l a c e d  one b i t  w i t h  r e s p e c t  t o  each  o t h e r  t h e  numbers of 
matches and mismatches d i f f e r  b y ,  a t  most ,  one; i . e . ,  t h e  co r -  
r e l z t l o n  i s  z e r o .  S i n c e  a l l  b i t s  match when t h e  sequences  are 
'_n phzse, t h e s e  sequences  a r e  i d e a l  f o r  c o r r e l a t i o n  d e t e c t i o n .  
-2  S ~ J C ~ ?  a d e t e c t o r  t h e  t r a n s m i t t e d  sequence i s  r e g e n e r a t e d  i n  
a r b i t r a r y  phase a t  t h e  r e c e i v e r  and t h e  phase of t h e  g e n e r a t e d  
sequence  i s  s h i f t e d  u n t i l  a match i s  o b t a i n e d  w i t h  t h e  phase  o f  
t h e  r e t u r n e d  r a n g i n g  s i g n a l .  The phase  o f  t h e  g e n e r a t e d  s i g n a l  
1 s  the?  compared w i t h  t h e  phase b e i n g  s e n t  o u t  t o  de t e rmine  t h e  
time 2hzt has elapsed s i n c e  t h e  r e t u r n e d  s i g n a l  was t r ansmi t t ed .  
T r o n  such  neasu red  t i m e s  t h e  r e q u i r e d  r ange  measurements may be  
ca 'cu lz ted .  

- 

I 
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I n  p r a c t i c e  t h e  l o n g  sequences  used  are c o n s t r u c t e d  
by  l o g i c a l  combina t ions  f r o m  a number o f  s h o r t e r  s equences .  
The component sequences  are matched a g a i n s t  t h e  r e t u r n e d  s i g n a l ,  
and when t h e  phase of a component matches t h e  phase  o f  t h e  same 
component i n  t h e  r e t u r n e d  s i g n a l ,  a n  e a s i l y  r e c o g n i z e d  p a r t i a l  
c o r r e l a t i o n  i s  o b t a i n e d .  When a l l  components are i n  phase  w i t h  
t h e  c o r r e s p o n d i n g  component i n  t h e  r e t u r n e d  s i g n a l ,  t h e  c o r r e l a -  
t i o n  i s  u n i t y ,  and t h e  phase  of t h e  r e t u r n e d  s i g n a l  i s  known t o  
t h e  n e a r e s t  b i t .  I t  i s  e a s y  t o  d e t e r m i n e  the  round t r i p  propa-  
g a t i o n  t i m e  from t h e  component p h a s e s .  

are uppe r  and lower  bounds on t h e  t i m e  r e q u i r e d  f o r  a s i g n a l  t o  
be r e t u r n e d .  The d i f f e r e n c e  between these  c o r r e s p o n d s  t o  
102,800 - 89,200 = 13,600 miles .  I t  i s  known t h a t  a l l  s i g n a l  
d i s t a n c e s  l i e  between these  l i m i t s  and must b e  r e s o l v e d  o n l y  
w i t h i n  t h e  1 3 , 6 0 0  m i l e s .  
sequence  r e q u i r e d  f o r  t h e  system. 

F o r  t h e  s a t e l l i t e  a i r  t r a f f i c  c o n t r o l  s y s t e m  t h e r e  e 
T h i s  d e t e r m i n e s  t h e  l e n g t h  o f  t h e  PN 

L e t  one range  u n i t  cor respond t o  t h e  t ime r e q u i r e d  f o r  
l i g h t  t o  t r a v e l  1000 f ee t  and l e t  t h i s  u n i t  c o r r e s p o n d  t o  1 b i t  
i n  t h e  PN sequence .  The re  a r e  5 .28  r ange  u n i t s / m i l e  and hence ,  
t h e  minimum number o f  b i t s  i n  t h e  sequence  i s  5.28 x 13,600 o r  
71,808 b i t s .  Any sequence  l o n g e r  t h a n  71,808 b i t s  may b e  used .  

L e t  t h e  components of t h e  sequence  b e  

y = 1010---(clock)  ( 2 )  

x = 01011 1 0  and r e p e a t  (7) 

A = 11011 1 0 0 0 1  0 and r e p e a t  (11) 

B = 11001 1 1 1 0 1  01000 0110 and r e p e a t  ( 1 9 )  

c = 00001  01011 10110 00111 11001 10 100  1 ( 3 1 )  
and r e p e a t  

The s y s t e m  modulus,  i . e . ,  t h e  l e n g t h  o f  t he  PN sequence  
1 s  90,706 b i t s .  

The maximum number of component s h i f t s  r e q u i r e d  t o  a c q u i r e  
t h e  phase  of  any r e t u r n e d  sequence i s  68. T h i s  i s  t h e  sum o f  t h e  
numbers of b i t s  i n  t h e  component s equences  wi th  the  c l o c k  e x c l u d e d .  

l o g i c a l  f u n c t i o n  
L e t  t h e  sequence used f o r  r a n g i n g  i n  t h e  ATC s y s t e m  be t h e  0 

f = xy t x [ ( A B t B C + A C ) @ y ]  
This sequence has a p e r i o d  o f  90 ,706  b i t s  and i s  s u i t a b l e  f o r  making 
i : l d iv idua l  range  measurements.  
i t s e l f ,  p r o v i d e  m u l t i p l e - r a n g i n g  c a p a b i l i t i e s ,  and must be used  w i t h  
t k ~ e  R u l t i p l e  s a t e l l i t e  r e t u r n  pa ths  t o  a c h i e v e  i t .  

However, t h e  sequence  does  n o t ,  i n  
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Address - Commands 
A command channel is furnished over which commands 

may be sent to aircraft. Each command word is addressed to a 
particular aircraft, and only the addressee will recognize and 
act on the command. 

rn 
Two classes of cornlands will be sent to aircraft 

equipments: 

(a) To transpond the received ranging sequence specify- 
ing the frequency t o  be used. 

(b) To establish telephone communication between the 
aircraft and ground station and ring the mobile 
station. 

The command receiver will contain a shift register, a 
matching circuit, a command register and an address register. 
The aircraft address is stored in the address register. 
sequence of command words is monitored continuously by all air- 
craft in the sector. The address-command word is composed of 
a sub-sequence of binary b i t s  representing the address and 
another sequence representing a command, 

The 

When the code in the address part of the shift regis- 
ter matches that of the aircraft address code stored in the 
address register, the sequence in the command part of the shift 
register is read out into a command register and acted upon. 

In order to make the detector-decoder in the aircraft 
simple, the address-command word is constructed of three binary 
subwords to accomplish respectively three purposes: 

(a) 

(b) To address an aircraft; 

(c) To command the desired action. 

To mark in a unique manner the beginning of a word 
in a sequence; 

form 
For  these purposes the command word Zi is given the 

i i '  zi = SA c 
where S is a start signal, A i is a set of assigned addresses and 

J 

C1 is a set of commands. The word Z i will be constructed here 
somewhat arbitrarily to have the following set of properties: 
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( a )  The number o f  b i t s  i s  31 

(b) Each Z I s h a l l  have  1 6  ones  and  15 z e r o s  

( c )  The subword S = 01111110 

( d )  The sequence  AiCi s h a l l  c o n t a i n  no r u n s  o f  
ones  g rea t e r  t h a n  5 .  

T h i s  makes the  r u n  o f  s i x  ones  i n  S d i s t i n c t .  

For example,  l e t  t h e  numbers o f  b i t s  and ones  be  

S i s ,  
t h e r e f o r e ,  an  e a s i l y  r e c o g n i z a b l e  s t a r t  s i g n a l .  

a s s i g n e d  i n  acco rdance  wi th  Table  I .  

TABLE I 

WORD _.__ 

S 

Ai 

ci 
zi  

ONES - BITS 
L_ 

1 7  7 

3 

3 1  16 

- 6 - 

Adequate ly  large se t s  o f  a d d r e s s e s  and  commands may be c o n s t r u c t e d  
t o  meet a l l  s t a t e d  r equ i r emen t s  i n  t h e  f o l l o w i n g  way: 

Hence, there  a re  20  d i s t i n c t  commands p o s s i b l e .  
The command word w i l l  n o t  be f u r t h e r  r e s t r i c t e d .  

One way t o  a v o i d  r u n s  o f  ones  l o n g e r  t h a n  5 i n  t h e  
sequences  formed by address words  a d j a c e n t  t o  command words i s  
t o  r e q u i r e  t h a t  t h e  t h i r d  b i t  f rom t h e  r i g h t  i n  e v e r y  address 
word be  a z e r o .  T h i s  l e a v e s  o n l y  8 b i t  p o s i t i o n s  t o  t h e  r i g h t  
of t h e  z e r o .  
word, t h e r e  can be no more than  5 ones  t o  t h e  r i g h t  of  t h e  
z e r o ,  hence no r u n  of ones  l o n g e r  t h a n  5. 

S i n c e  t h e r e  are o n l y  th ree  ones  i n  t h e  command 

I 
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There  can  be  f o u r  d i f f e r e n t  t h r e e - b i t  e n d i n g s  f o r  
t h e  address word, namely 011,  010,  001, and  000. The number 
of address words h a v i n g  t h e s e  e n d i n g s  r e s p e c t i v e l y  are  (14), 5 
(,,I,  6 (,,I, 6 and ( 1 4 ) ;  7 and t h e  t o t a l  number o f  d i s t i n c t  addresses 

m 

(14) 5 = 2002 none of which c o n t a i n  r u n s  o f  ones  g rea t e r  
t h a n  5 

1 8  of which have  r u n s  o f  6 ,  and none o f  
which has a r u n  o f  7 

36 of which have r u n s  of  6 ,  and 7 have  
r u n s  o f  7 

6 2(14) = 6006 

= 3432 ( 1 4 )  

TOTAL = 1 1 , 4 4 0  - 6 1  = 11,379 
i These data on Z are summarized i n  T a b l e  11. 

T A B L E  I1 

NUMBER 
WORD BITS O N E S  I N  SETS 

S 8 6 1 

Ai 1 7  7 11,379 

Ci 6 3 20 

zi 31 1 6  227,780 

T h i s ,  o f  c o u r s e ,  i s  one s e t  of a large number o f  pos- 
s i b l e  u s a b l e  s e t s  of  words t h a t  meet t h e  s p e c i f i e d  r e q u i r e m e n t s ,  



FIGURE I(a) 

SATELLITE A I R  TRAFFIC CONTROL SYSTEM 
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FIGURE I ( b )  

SATELLITE A I R  TRAFFIC CONTROL SYSTEM 
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